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FOREWORD 
The research described herein, which was conducted by Varian/Eastern 
Tube Division, was performed under NASA Contract NAS-3-11528. 
was done under the management of Peter Ramins, NASA-Lewis Research Center, 
Cleveland, Ohio. 
The work 
ABSTRACT 
The design of an S-band axial  i n j ec t ion  crossed-field 
amplif ier  capable of 5 kw CW and X) db of gain is  described. The RF 
dynamic range of the CFA i s  enhanced by proper design of a r e f l e c t o r  
e lectrode a t  t he  s ides  of t he  in t e rac t ion  space. An experimental 
vehicle  b u i l t  t o  v e r i f y  the  design w a s  not successful because of 
aberrat ions i n  the beam opt ics  a t  t he  circumferent ia l  end of the gun. 
Design s tudies  show t h a t  t h i s  i s  a correctable  defect .  
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1.0 SUMMARY 
This report  describes the e f f o r t  conducted on the th i rd  of 
three NASA supported programs on a x i a l  inject ion crossed-field 
amplif iers  for  a sa te l l i t e -borne  t ransmit ter .  The objective of these 
programs has been t o  design and then experimentally ve r i fy  the design 
of a high eff ic iency amplif ier  capable of transmitt ing e i t h e r  AM o r  
FM signals .  Originally,  t h i s  included e f f o r t  on designs fo r  both the 
UHF and S-band frequency ranges. For the present program the e f f o r t  
has been on the S-band design. The objectives fo r  t h i s  design a r e  
5 kw peak i n  the AM mode o r  5 kw CW i n  an FM mode w i t h  an eff ic iency 
of over 5O$ and a gain of 20db. 
d e t a i l  i n  Table I. 
The objectives are l i s t ed  i n  grea te r  
The f i r s t  of the three programs was an ana ly t i ca l  study 
conducted for  the NASA Lewis  Research Center under contract  NAS3-11516 
(Ref. 1). The designs resu l t ing  from t h i s  study were fo r  a completely 
new type of crossed-field amplif ier  using a x i a l  inject ion of the beam 
from one s ide of the in te rac t ion  space and co l lec t ion  of the beam on 
the opposite s ide of the in te rac t ion  space using a multiple poten t ia l  
co l lec tor .  Recirculation of the beam from output t o  input was per- 
mitted but the beam was debunched t o  avoid RF feedback so tha t  the 
amplif ier  was non-regenerative. The ana ly t i ca l  design appeared to  be 
very promising with predicted e f f i c i enc ie s  of about 80$, but there 
was l i t t l e  experimental data t o  support it. 
This ana ly t i ca l  study was followed by an experimental study 
conducted for  NASA Electronics  Research Center, Cambridge, under 
contract  NAs12-653 (Ref. 2).  
was conducted i n  the VHF.frequency range because of the a v a i l a b i l i t y  
of hardware from a Navy sponsored program. 
ana ly t i ca l  design, the experimental work showed tha t  there was a 
basic  problem with one of the major assumptions underlying the beam 
opt ics  portion of the design. The existence of t h i s  problem was 
The experimental e f f o r t  on t h i s  program 
Rather than confirm the 
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TABLE I 
LONG TERM OBJECTIVES FOR S-BAND CFA 
Frequency 
Peak Synchronizing Power 
(TV s igna l )  
Peak Pic ture  Power 
Average P ic ture  Power 
Minimum Pic ture  Power 
Sound Power 
FM Saturated Power 
Modulation 
Dynamic Range f o r  AM 
Deviation of Small Signal Gain 
From Linearity,  3 db below 
sa tura t ion  
S / N  r a t i o  over AM bandwidth 
Phase Linear i ty  
AM -deviation from l inea r  
phase v s  frequency over 
band 
Bandwidth (3db) 
AM 
FM 
Gain 
Input and Output VSWR 
2.0 G H Z  
5.0 kw 
2.3 kw 
1.75-2.0 kw // ” 
/’ 0.9 kw / 
0.5 kw 
5.0 kw 
AM v e s t i g i a l  s ide -  
band o r  FM 
20 db min. 
0.5 db max. 
42 db min. 
55 db obj . 
1.2O 
0.05” / ( M H ~ ) ~  max. 
0.015’ /(MHz)~ obj .  
Eff ic iency 
AM 
FM 
750% 
760% 
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ver i f i ed  a l so  on two mi l i ta ry  programs, contract  F30602-68-C-0030 for  
the Rome A i r  Development Center ( R e f .  3) and contract  NOOO24-68-C-1069 
for  the Navy Electronics Command (Ref. 4).  
problem was obtained ear ly  in  the present program. 
problem was a fundamental l i m i t  on how low we could make the a x i a l  
d r i f t  ve loc i ty  of the beam. This l i m i t  i s  imposed by a difference in  
ax ia l  ve loc i ty  which must ex i s t  between bottom and top of the beam in 
smooth flow. The existence of t h i s  l imitat ion was not known pr ior  t o  
the experimental e f f o r t .  A s  a consequence of t h i s  lower l i m i t  i n  
a x i a l  ve loc i ty  we were forced t o  use  an a x i a l  ve loc i ty  higher than 
that  used i n  our o r ig ina l  ana ly t i ca l  designs. A s  a resu l t ,  individual 
e lectrons spent too short  a time i n  the in te rac t ion  space and the 
amount of energy exchange with the R F  wave was not adequate t o  yield 
high e f f ic iency  operation, even with the use of ten t o  f i f t e e n  col-  
lector  elements. High eff ic iency operation su i tab le  for  use in  an 
amplifier operating a t  sa tura t ion  was obtained by trapping the beam 
i n  the interact ion space by a su i tab le  b i a s  applied t o  the s i d e  
co l lec tor .  Experimentally, t h i s  yielded 75% eff ic iency.  However, 
the device could not be operated i n  the l inear  regime of the saturat ion 
cha rac t e r i s t i c  without generation of subs tan t ia l  broad band noise. 
Further insight in to  t h i s  
The nature of the 
I n  t h i s  regard the device had charac te r i s t ics  s imilar  t o  an emitting 
sole CFA. 
The o r ig ina l  plan for  the present program cal led for  beam 
opt ics  and ana ly t ica l  s tudies  t o  fur ther  re f ine  the designs developed 
under NAS3-11516. Analytical  s tudies  were conducted ear ly  i n  the 
program and they confirmed what we were finding i n  the experimental 
work - the basic design was not a t t r a c t i v e  fo r  other  than a saturated 
amplif ier  because of the beam opt ics  problem. A t  t h i s  point e f f o r t  
on the program was suspended u n t i l  May, 1970. During the period of 
suspension, the basic  design of our a x i a l  inject ion CFA's was mod- 
i f ied  on the mi l i t a ry  VHF and S-band programs (Ref. 5, 6) and an- 
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a l y t i c a l  s tudies  of the modified approach were conducted under con- 
t r a c t  ~30602-694-0205 for  the Rome A i r  Development Center (Ref. 7 ) .  
A modified vHF tube w a s  successfully tes ted on the Navy program in  
December 1969 and preliminary r e s u l t s  on an S-band tube were obtained 
ea r ly  i n  1970 under contract  F30602-69-C-0239 fo r  the Rome A i r  Develop- 
ment Center (Ref, 6). Based on these resu l t s ,  e f f o r t  on the present 
program was resumed, employing the modified a x i a l  inject ion concept. 
The revised work statement cal led fo r  construction of a modified 
version of the RADC S-band tube which would have cha rac t e r i s t i c s  more 
nearly optimixed fo r  a s a t e l l i t e  appl icat ion.  This tube would be 
designed ardconstructed for  f u l l  average power output with forced 
l iquid cooling but would be tes ted  only a t  low duty cycles. This 
approach would insure tha t  a l l  design r e s t r i c t i o n s  imposed by the 
average power requirement were f u l l y  taken in to  account i n  the pro- 
gram. 
I n  the period of May-July 1970, during which we were f in -  
a l i ~ i n g  the design of the tube, we conducted s tudies  t o  determine 
why the gain of the mi l i t a ry  vers ion of the S-band tube was less than 
predicted by our large s igna l  computer simulations. An understanding 
of t h i s  discrepancy was believed to  be important i f  we were t o  obtain 
a va l id  comparison between the performance of the NASA tube and the 
large s igna l  computations. These s tudies  led t o  findings which have 
turned out t o  be the most important contribution of t h i s  study. 
These findings showed tha t  the gain was lowered because the e lec t ron  
t r a j ec to r i e s  were being sh i f ted  with respect t o  the RF wave when they 
were re f lec ted  from the s ides  of the in te rac t ion  space. Because 
t r a j e c t o r i e s  near the top and bottom of the beam undergo a d i f f e ren t  
number of re f lec t ions ,  t h i s  " re f lec t ion  phase sh i f t "  causes a de- 
bunching of the beam. Once the existence of t h i s  phenomenon had been 
uncovered we realived tha t  i t  might be possible t o  use it  t o  improve 
the l i nea r i ty  of the RF dynamic range cha rac t e r i s t i c  (RF output a s  
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a function of RF input). Calculations, a s  wel l  as experiments, on 
the RADC tubes had demonstrated tha t  the space charge contributions 
t o  the gain (diocotron e f f ec t )  would give a highly non-linear dynamic 
range cha rac t e r i s t i c  by subs tan t ia l ly  increasing the small s igna l  
gain over the large s igna l  gain. Our o r ig ina l  plans on t h i s  program 
were t o  l inear ize  the cha rac t e r i s t i c  by using a prebunching co l lec tor .  
This technique is  discussed l a t e r  i n  t h i s  report  and was successfully 
demonstrated on the Navy program. 
would l inear ize  the dynamic range without using a prebunching col-  
lector  w a s  worked out using computer simulation techniques once we 
had real ized the implications of the r e f l ec to r  phase s h i f t  phenomenon. 
This design was incorporated both i n t o  the NASA t e s t  vehicle  b u i l t  
on t h i s  program and in to  the f i n a l  tube b u i l t  on the RADC program. 
A subs tan t ia l  improvement i n  l i n e a r i t y  of the RADC tube was obtained. 
A design f o r  the r e f l ec to r  which 
I n  November of 1970 we f i r s t  brought the NASA experimental 
vehicle  t o  t e s t .  Measurement of the d i s t r ibu t ion  of current to  the 
delay l ine  and the various co l lec tor  elements showed very poor beam 
focusing. The tube w a s  r ebu i l t  w i t h  some correct ions t o  the gun 
element spacings and gun support s t ruc ture  which was thought t o  be 
in te r fe r ing  with the beam opt ics .  
analyze these corrections.  
found tha t  the problem remained. Further ana lys i s  led us t o  the 
conclusion tha t  the problem was i n  aberrat ions a t  the circumferential  
end of the gun on the output s ide.  
cat ions t o  t h i s  region w a s  then brought t o  t e s t  but i t  f a i l ed  because 
of problems associated with dc arcing i n  the gun support elements. 
This problem was subsequently resolved i n  b e l l  j a r  t e s t s  of the gun 
s t ruc ture .  The program had been under Varian company support i n  i ts  
f i n a l  s tages  including a l l  of the hot t e s t s  and rebui lds  of the tubes. 
Since the repa i rs  required by the arcing problem would necessi ta te  
a l l  new gun p a r t s  and would be r e l a t i v e l y  expensive, and since we 
Computer simulations were used to  
When the r ebu i l t  tube w a s  tes ted it  was 
A design incorporating modifi- 
5 
were a t  t h i s  t i m e  well beyond the o r ig ina l  contract  term, it  was 
decided t o  terminate the e f f o r t  a t  t h i s  point. 
Although the design was not successfully tested,  we believe 
tha t  using the knowledge obtained on t h i s  program and using the 
successful r e s u l t s  from the mi l i t a ry  version of the tube, we can 
foresee tha t  development of an S-band CFA fo r  AM service at an 
eff ic iency in  excess of 50% i s  qui te  feasible .  
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2.0 INTRODUCTION 
This program was undertaken t o  va l ida te  the ana ly t i ca l  
design techniques fo r  a x i a l  in jec t  ion crossed-f geld amplifiers.  
Originally t h i s  was t o  be done by comparing the r e su l t s  obtained on 
an experimental vehicle  b u i l t  on contract  NAS12-653 and operated in  
the lower portion of the UHF frequency range with the r e su l t s  of 
calculat ions done a s  par t  of t h i s  program. Subsequently, gun s t u d i e s  
were t o  be conducted t o  develop gun designs fo r  800 and 2000 MHz 
operation. Par t  way through the program the emphasis was changed 
t o  S-band and the beam opt ics  and ana ly t ica l  s tudies  combined i n  a 
s ingle  t e s t  vehicle.  
The f i r s t  task undertaken on t h i s  program was t o  be an 
evaluation of our large s igna l  computer design techniques through 
computation of the performance of a UHF experimental vehicle under 
evaluation on contract  NAsl.2-653. 
experimental program indicated tha t  the a x i a l  ve loc i ty  of the beam 
was higher than we had ant ic ipated.  
F30602-69-C-0205 fo r  the Rome A i r  Development Center indicated that  
there was a fundBmenta1 reason why t h i s  was so. Using the higher 
a x i a l  ve loc i t ies ,  large s igna l  computations of the performance of 
the tube were conducted and i t  was found tha t  the e f f ic ienc ies  were 
s ign i f icant ly  reduced a s  compared with those predicted using a lower 
The r e s u l t s  obtained on t h i s  
Studies conducted under contract  
a x i a l  veloci ty .  The experimental tube showed even lower eff ic iency 
because of secondary emission generation problems in  the co l lec tor  
region. The r e s u l t  of these s tudies  was the conclusion that  a 
fundamental change i n  the beam opt ics  design was required. This 
study took place i n  the period of May-August of 1969. 
of t h i s  report  i s  a report  on t h i s  portion of the program. 
Effor t  on the program was suspended during the period from 
In  May 1970 e f f o r t  was resumed, using 
Section 3.0 
September 1969 t o  Apr i l  1970. 
a subs tan t ia l ly  d i f f e ren t  beam opt ics  system. Section 4.0 of t h i s  
7 
report  is a qua l i ta t ive  descr ipt ion of the new type of amplifier 
which d i f f e r s  s ign i f icant ly  from the o r ig ina l  design described i n  
NAS3-11516. 
The work statement f o r  the e f fo r t  was revised a t  the time 
the e f f o r t  was resumed t o  c a l l  for  construction of a low duty cycle 
CFA capable of meeting the goals of Table I. 
of the design were t o  be made and the r e s u l t s  compared with the 
experimental r e s u l t s  on the tube to  va l ida te  the design techniques. 
Based on these r e s u l t s  we planned t o  demonstrate, using ana ly t i ca l  
techniques, tha t  fur ther  improvements i n  eff ic iency could be made. 
The experimental vehicle  was t o  be of a design bas ica l ly  capable of 
high average power so t ha t  we would be sure t o  take into account 
l imitat ions imposed by the ultimate average power requirement. This 
vehicle was to  be a modification of one being developed for  the Rome 
A i r  Development Center under contract  F30602-69-C-0239, 
changes planned a s  compared t o  the RADC tube were a change in  the 
type of delay l i n e  t o  r a i s e  the impedance and, thus, improve the 
Computer simulations 
The major 
eff ic iency and a complete redesign of the gun to  improve the beam 
opt ics  and lower the current density.  These design s tudies  a re  d i s -  
cussed in  Section 5 of t h i s  report .  
Section 6 of the report  discusses the experimental program 
and sect ion 7 gives our conclusions concerning the f e a s i b i l i t y  of 
t h i s  type of device. 
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3.0 STUDIES OF THE REENTRANT TUBE DESIGN 
This port ion of the e f f o r t  was undertaken t o  provide a 
more de ta i led  understanding of the tube being tested under contract  
NAs12-653 and t o  v e r i f y  our ana ly t i ca l  technqiues by comparing the 
calculated r e s u l t s  with the experimental resu l t s .  The type of design 
under evaluation under NAsI.2-653 was a reentrant  design, as sketched 
i n  Figures 1-3. Current i s  injected from one s ide of the in t e r -  
ac t ion  space and allowed t o  d r i f t  a x i a l l y  t o  co l l ec to r s  on the opposite 
s ide.  ‘At  the same. t i m e  the electrons c i r cu la t e  circumferent i a l l y  
with a ve loc i ty  equal t o  the c i r c u i t  phase ve loc i ty .  The circum- 
f e r e n t i a l  ve loc i ty  is  intended to  be several  times the a x i a l  ve loc i ty  
so tha t  the electrons remain i n  the in te rac t ion  space f o r  a substan- 
t i a l  length of time, The pa r t i cu la r  vehicle  under evaluation ofi 
NAs12-653 operated a t  300 MHz and about 1 t o  2 kw peak output. For 
fur ther  d e t a i l s  on the concept and the  experimental vehicle  the 
reader i s  referred t o  the f i n a l  repor t s  ofi NAS3-11516 and NASl2-653 
(Refs. 1, 2).  
3.1 Types  of Studies Conducted 
The computer analyses car r ied  out on the design of the 
experimental UHF amplif ier  f a l l  i n to  the followirg: three categories:  
A.  The a x i a l  in jec t ion  e lec t ron  t r a j ec to ry  t racing rout ine 
was used t o  examine the magnetron in jec t ion  gun design and t race  
the e lec t rons  from the gun through the t r a n s i t i o n  region and in to  
the in te rac t ion  space of the amplif ier .  The d i s t r ibu t ion  of a x i a l  
v e l o c i t i e s  within the e lec t ron  beam was examined and the degree t o  
which cont ro l  of these v e l o c i t i e s  could be obtained by va r i a t ion  i n  
so le  po ten t i a l  w a s  determined. 
used t o  car ry  out the next port ion of the ana ly t i ca l  study. 
The r e s u l t s  of these analyses were 
B. The large s igna l  computer program f o r  a x i a l  in jec t ion  
crossed-field amplif iers  was used t o  ca lcu la te  the expected response 
of the UHF amplif ier .  The ve loc i ty  d i s t r ibu t ions  obtained from the 
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FIGURE 1 SKETCH OF AN AXIAL INJECTION CFA 
Electron beam i n  in t e rac t ion  space c i r cu la t e s  i n  the circumferent ia l  
d i r ec t ion  (perpendicular t o  paper) with a ve loc i ty  grea te r  than the 
a x i a l  (z d i rec t ion )  d r i f t  veloci ty .  
condition of low RF input dr ive  
Tra jec tor ies  a r e  shown for  a 
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t r a j ec to ry  t racing analysis  were used a s  input conditions for  these 
s tudies .  Values for  the t r a n s i t  times of three classes  of e lectrons 
within the beam w e r e  used t o  carry out large s igna l  calculat ions.  
The d i f f e ren t  t r a n s i t  t i m e  values corresponded t o  d i f fe ren t  r ad ia l  
posi t ions i n  the beam. These calculat ions were carr ied out f i r s t  
without space charge and then with the addi t ion of space charge forces.  
Eff ic iencies  were calculated based on the ac tua l  current d i s t r ibu t ion  
obtained from the computor calculat ion and the spec i f ic  co l lec tor  
design used on t h i s  tube with the associated co l lec tor  po ten t ia l s .  
C .  The electron t r a j ec to ry  t racing routine was then applied 
t o  examine d i s t r ibu t ion  and flow of e lectrons i n  the co l lec tor  region. 
Trajector ies  of primary beam electrons and possible secondary e m i s -  
s ion electrons were both analyved. These analyses were carr ied out 
i n  an attempt t o  understand some of the phenomena that  had been 
observed in  the co l lec tor  region performance. 
The experimental r e s u l t s  obtained from the UHF amplifier 
were compared with the applicable portions of the analyses tha t  had 
been carr ied out .  
3.2 Trajectory Analysis i n  Electron Gun and In te rac t ion  Region 
The magnetron inject ion gun and t r ans i t i on  region in to  the 
The electron in te rac t ion  space a re  shown schematically i n  Figure 4. 
beam is generated in  the magnetron in jec t ion  gun and en ters  the 
in te rac t ion  space, s e t t l i n g  down t o  a steady s t a t e  t ra jec tory  such 
that  the average circumferential  ve loc i ty  i n  the "theta" d i r ec t  ion 
i s  se t  equal t o  the phase ve loc i ty  of the anode c i r c u i t .  The circum- 
f e ren t i a l  velmity i s  determined by the r a t i o  of e l e c t r i c  t o  magnetic 
f i e l d  i n  the in te rac t ion  space. Two fac tors  a re  of d i r ec t  concern 
i n  the launching of t h i s  beam. One is  t o  minimixe the amount of 
cycloiding of the beam about i t s  mean r a d i a l  posit ion.  This cycloid- 
ing represents a component of k ine t i c  energy, par t  of which may be 
los t  i n  d iss ipa t ion  upon co l lec t ion  by the anode delay l ine  o r  the 
XI- 
-/ Cathode emitting surface 
Gun control 
electrode 1 
L 
/ 
Anode 
Magnetic 
f i e l d  
____IcLI 
r 
FIGURE 4 MAGNETRON INJECTION GUN AND TRANSITION REGION TO 
. INTERACTION SPACE -, 
(1.015 Zm.) 
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col lec tor  s t ructure .  
The other item of in t e re s t  i s  the difference in  a x i a l  
ve loc i ty  between the outermost edge of the beam and the inner edge 
of the beam. This ve loc i ty  d i f f e r e n t i a l  sets the minimum value a t  
which the outer o r  upper edge of the beam may t ravel .  
edge ve loc i ty  i s  equal t o  t h i s  d i f f e ren t i a l ,  the lower edge ve loc i ty  
must  be 7ero and the beam is  a t  the point of being stopped and re -  
f lec ted  back in to  the gun region. A s  w i l l  be shown, the d i f f e r e n t i a l  
in  a x i a l  ve loc i ty  is  s e t  by fac tors  which involve the thickness of 
the beam, the current,  and the magnetic f i e l d .  However, it i s  pos- 
s i b l e  t o  vary the mean value of the beam a x i a l  ve loc i ty  by the adjust-  
ment of e lectrode voltage parameters. I n  par t icular ,  the t ra jec tory  
tracing program was used t o  es tab l i sh  the degree of control which 
the sole  bias  voltage can exercise over the mean a x i a l  ve loc i ty  of 
the e lec t ron  beam. 
pected under these launching conditions w a s  a l so  evaluated. 
When the upper 
I n  addition, the degree of cycloiding t o  be ex- 
The r a t i o  of circumferential  ve loc i ty  t o  a x i a l  ve loc i ty  of 
the electron stream determines the r a t i o  of c i rcu la t ing  t o  a x i a l  
current for  a given tube geometry. Thus, t h i s  r a t i o  is  a prime fac tor  
i n  determining the small s igna l  gain of the amplifier fo r  a given 
cathode current input. This r a t i o  of ve loc i t i e s  a l so  sets the length 
of circumferential  path that  is traversed during one a x i a l  t r a n s i t  
through the tube, The large s igna l  computer program has shown tha t  
i f  the circumferential  path traveled by the electrons i s  excessively 
short ,  the eff ic iency can be s igni f icant ly  affected.  
The relat ionship between c i rcu la t ing  and a x i a l  current i s  
given by equation 1. 
I c a  /I = (h/sd)(ve/va) 
These quant i t ies  a r e  defined in  Figure 5, which shows that  with no 
r e f l ec t ion  of the beam from the end space, 
to  a x i a l  current i s  equal t o  the number of 
the r a t i o  of c i rcu la t ing  
revolutions one e lec t ron  
... 
Output current to 
delay line 
Input current Output current 
from gun to collector 
Circulating current 
a. A symbolic representation of input, output and circulating currents 
Circumference 
j BL. 
r 
RF 
rrd c 
Cathode end 
k 
3 
Drift space 
Interaction h 
RF output plane Collector end input plane 
b. Unwrapped view looking dawn from anode toward unwrapped interaction 
space 
Each electron has circumferential and axial drift velocities, v 
respectively. 
conditions when the beam is uniform throughout the interaction space and let 
t be the beam thickness in the radial direction (out of the paper), 
circumferential current is then pothvc and the axial current is p tadv 
I 41, = (h/fld) (vc/va). 
tfirough the interacthn space and v f 8 L is the circumferential distance an 
electron travels while in the interaction space. 
ratio of circumferential to axial current is equal to the fraction of the full 
circumference that a trajectory covers in its traverse across the interaction 
space. 
and v 
Let po be the space charge density in the beam &der 105 level 
The 
. where D is the beam diameter on injection. The ratio of these cu?rentZ 
However h/v is the transit time t for an electron 
C Thus Ic/Ia L/ad or the 
FIGURE 5 INPUT, OUTPUT, AND CIRCULATING CURRENTS 
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makes during a s ingle  ax ia l  t r a n s i t  through the tube. 
The design of the gun s t a r t s  by using the Kino analysis  
(Ref. 8) to  es tab l i sh  the conditions in  the beam a t  the e x i t  from the 
gun region. A t  t h i s  point there is  a s l i p  i n  circumferential  ve l -  
oc i ty  between the inner and outer edge of the beam, a s  well a s  in  
a x i a l  ve loc i ty .  These d i f f e r e n t i a l  quant i t ies  a r e  functions of the 
magnetic f ie ld ,  the cathode t i l t  angle, the current density and the 
length of the cathode. 
discussion here the circumferential  ve loc i ty  a t  the e x i t  from the gun 
region is  considerably less  than the synchronous ve loc i ty  of 290 
electron v o l t s  i n  the in te rac t ion  region. There is  a region of post 
accelerat ion i n  which the r a d i a l  e l e c t r i c  f i e l d  is increased in  going 
from the gun region t o  the interact ion region. It can be shown tha t  
t h i s  introduces an addi t ional  s l i p  i n  a x i a l  ve loc i ty  between the inner 
and outer  edge of the beam. 
edges of the electron beam i n  the interact ion space may be computed 
a s  the sum of two d i f f e ren t i a l s .  The f i r s t  i s  tha t  established a t  
the e x i t  plane of the gun by the Kino relat ions,  t o  which should be 
added the addi t ional  d i f f e r e n t i a l  s l i p  introduced by the post accel-  
e ra t ion  i n  the t r ans i t i on  region, i.e.- the increase i n  r ad ia l  e l e c t r i c  
f i e l d  t o  the synchronous value fo r  the proper circumferential  veloci ty .  
I n  the gun design fo r  the amplifier under 
The a x i a l  ve loc i ty  s l i p  between the two 
This calculat ion may be condensed t o  a more compact and 
general form, making use of some re la t ions  which can be derived fo r  
an a x i a l  in jec t ion  beam having Bri l louin flow charac te r i s t ics  i n  the 
circumferential  direct ion.  (For d e t a i l s  see sect ion 5.) A r e su l t  
of t h i s  analysis  shows tha t  the f i n a l  d i f f e r e n t i a l  i n  ax ia l  ve loc i ty  
between the two edges of the beam can be given i n  e lectron v o l t s  a s  
follows : 
"2 = E  o t k ( 2 )  
Here,&= = the  d i f f e r e n t i a l  i n  a x i a l  ve loc i ty  i n  e lectron vo l t s ,  E 
0 
i s  the r a d i a l  e l e c t r i c  f i e l d  in t ens i ty  a t  the center  of the beam, and 
tk i s  the v e r t i c a l  r ise  of the cathode. 
length multiplied by the s ine  of the cathode tilt angle. Thus, i t  ap- 
pears tha t  although the absolute value of a x i a l  ve loc i t i e s  depends on 
the d e t a i l s  of the  gun and t r ans i t i on  region, the d i f f e r e n t i a l  i n  ax ia l  
veloci ty  across the beam thickness i s  determined primarily by the end 
conditions tha t  exis t  i n  the in te rac t ion  region. 
That i s  tk i s  the cathode 
I n  the following discussions,  the circumferential  veloci ty  
corresponds t o  the synchronous voltage of the delay l i ne ,  which is  
290 e lec t ron  vo l t s .  The magnetic f i e l d  i n  these beam analyses i s  taken 
t o  be 900 gauss. I f  the center  of the beam is  taken as synchronous 
with the delay l i ne ,  t h i s  r e s u l t s  i n  a value of e l e c t r i c  f i e l d  i n  the 
middle of the beam of 23.1 vo l t s  per m i l  (9.1 kv/cm). Since the cath- 
ode length is 0.020" (0.0508 cm) and the cathode tilt  angle i s  4', the 
cathode v e r t i c a l  r i se  is  1 .4  m i l s  (0.00356 c m ) .  
by 23.1 v o l t s  per m i l  (9.1 kv/cm), gives an expected d i f f e r e n t i a l  be- 
tweem the upper and lower edges of the beam of 32.3 e lec t ron  vo l t s .  It 
This value, multiplied 
w i l l  be seen shor t ly  tha t  t h i s  is very close t o  the value achieved by 
taking the Kino conditions a t  the output of the gun and following the 
beam in to  the in te rac t ion  region with the t r a j ec to ry  t racing program on 
the d i g i t a l  computer. I n  the l a t t e r  case, a d i f f e r e n t i a l  of about 40 
electron v o l t s  was seen t o  ex is t  and t h i s  value was held consis tent ly  
over a series of runs where the absolute value of the  a x i a l  ve loc i ty  
of the bottom edge of the beam was varied by a fac tor  of 10 from about 
9 e lec t ron  v o l t s  t o  93 e lec t ron  vo l t s .  
A series of t r a j ec to ry  t racing runs were made i n  the area 
whose geometry is indicated i n  Figure 4. 
j ec t ion  gun, the t r ans i s t ion  region, and par t  of the interact ion space. 
These electrodes a l l  possess c i r cu la r  symmetry and the ax is  of symmetry 
is below the bottom of the sketch. I n  the series of e lectron t ra jec tory  
runs t o  be described here ,  an outer and inner 
This shows the magnetron in- 
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edge e lec t ron  of the beam were traced from a point  two cathode lengths 
past  the emit t ing surface of the gun. The input conditions f o r  the 
s t a r t  of the t r a j ec to ry  are the parameters from the Kino gun analysis .  
The t r a j ec to ry  t rac ing  rout ine is a three dimensional analysis  and 
there  are  three input conditions f o r  each e lec t ron ,  three coordinate 
posi t ions,  and three components of veloci ty .  The circumferent ia l  
d i r ec t ion  is perpendicular t o  the plane of the sketch of Figure 4. 
I n  the discussion t h a t  follows, a l l  e lectrode voltages a re  given with 
respect  t o  the cathode, which is taken a s  zero poten t ia l .  Velocity 
components are expressed i n  equivalent e lectron-vol ts  of energy. The 
theo re t i ca l  considerations which e s t ab l i sh  a minimum d i f f e r e n t i a l  i n  
a x i a l  ve loc i ty  between the outer edge and inner egde of the e lec t ron  
beam i n  the in t e rac t ion  space have been given. Therefore, f o r  a 
spec i f i c  gun geometry, in te rac t ion  space configuration, and set  of 
operating parameters, the optimum adjustment would be t o  have the 
a x i a l  ve loc i ty  a t  the bottom edge of the beam approximately equal t o  
zero e lec t ron  vo l t s .  The a x i a l  ve loc i ty  of the top edge would then 
be equal t o  the  d i f f e r e n t i a l  between the ve loc i ty  a t  the top and the 
bottom edges. This i s  an over-simplification s o  tha t  a p r a t i c a l  
object ive i n  the series of runs t o  be described was an  a x i a l  e lec t ron  
ve loc i ty  for  the bottom edge of 10 e lec t ron  vol t s .  This operating 
s i t u a t i o n  was searched out by varying the s o l e  po ten t i a l  i n  small 
increments while the other parameters remain fixed. The so le  b ias  
was var ied i n  s teps  of 50 v o l t s  by an i te ra t ive  rout ine within the 
program. During a l l  of these runs the following parameters were held 
constant. 
Cathode current  1.8 amps 
0.558 amps/cm 2 Cathode current  densi ty  
Magnetic f i e  I d  900 gauss ( .09 
Cathode tilt  angle 4" 
Cathode a x i a l  length 0 . 0 2 0 ~ ~  (0.0508 
Cathode circumferent ia l  length 2 511 
Trajectory s t a r t i n g  point 
Circumferential ve loc i ty  a t  s t a r t i n g  point  
TOP 
Bottom 
Axial ve loc i ty  a t  s t a r t i n g  point  
TOP 
Bottom 
Circu i t  synchronous voltage 
Anode po ten t i a l  
Approximate s o l e  po ten t i a l  
0.020" (0.0508 cm) 
past  s t a r t  of the 
emit t ing surface.  
125 e lec t ron  
v o l t s  
78 e lec t ron  
v o l t s  
34 e lec t ron  
v o l t s  
20 e lec t ron  
v o l t s  
289 v o l t s  
5800 v o l t s  
-3400 v o l t s  
Gun acce lera tor  po ten t i a l  1250 v o l t s  
Electron gun focus element po ten t i a l  zero vo l t s  
Sole Anode spacing 0.4" (1.02 cm) 
Active c i r c u i t  length 
A summation of the r e s u l t s  of t h i s  run i s  given i n  Table 11. 
22.4" (56.8 c m )  
I n  t h i s  tab le ,  the labe l  "FRACLN" means the circumferent ia l  dis tance 
traveled by a pa r t i cu la r  e lec t ron  during one ax ia l  t r a n s i t  while 
t rave l ing  circumferent ia l  l y  a t  synchronous veloci ty .  
l abe l  corresponds t o  the labe l  used i n  the large s igna l  computer runs 
t o  represent  the same quantity.) The quant i ty  FRACLN is computed from 
the spec i f i c  a x i a l  ve loc i ty  with which each e lec t ron  en ters  the in te r -  
ac t ion  space. The values given are s teady s t a t e  values,  arr ived a t  
a f t e r  the e lec t rons  a r e  s e t t l e d  down t o  a c i rcumferent ia l  ve loc i ty  
corresponding t o  the synchronous ve loc i ty  i n  the in te rac t ion  space. 
(This pa r t i cu la r  
It is  seen from t h i s  t ab le  t h a t  the conditions searched 
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f o r  occurred a t  a sole  bias  of -3350 vol t s ,  which corresponds t o  a 
bottom edge a x i a l  ve loc i ty  of about 10 e lec t ron  v o l t s  with the top 
edge electron ve loc i ty  corresponding t o  51.5 e lec t ron  vo l t s .  
sole  biases  caused e i t h e r  p a r t i a l  or  t o t a l  r e f l ec t ion  of the  electron 
beam. Lower values of sole  b i a s  admitted the e n t i r e  beam but with 
increasing values of a x i a l  veloci ty .  It should be noted tha t  a s  
these values of b ias  were reduced, the absolute values of a x i a l  
ve loc i ty  kept increasing. However, the d i f f e r e n t i a l  between top 
and bottom edge electrons s tays  constant a t  about 40 electron vo l t s .  
This i s  a f a i r l y  good cor re la t ion  with the estimate of about 32 
electron v o l t s  arr ived a t  by a l t e rna te  considerations already de- 
scribed. The l a s t  column i n  the table  gives the extent of cycloiding 
tha t  occurs i n  the in te rac t ion  space. The excursion from the beam 
r a d i a l  posi t ion i s  given i n  equivalent e lectron vo l t s .  
t h i s  value ran about 50 e lec t ron  vol t s ,  which is  a reasonably small 
f rac t ion  of the t o t a l  synchronous voltage of 289 v o l t s .  
Larger 
On the average, 
The electron t r a j ec to r i e s  f o r  the case of -3350 v o l t s  of 
sole  b ias  a r e  plot ted i n  Figure 6 and. i l l u s t r a t e  the low cycloid 
amplitude. 
values of a x i a l  ve loc i ty  tha t  might r e a l i s t i c a l l y  be established i n  
the beam. Precise values of electrode poten t ia l s  w i l l ,  of course, 
vary a s  adjustments t o  the operating parameters of the tube a re  made. 
On t h i s  bas i s  the d i s t r ibu t ion  of ve loc i t i e s  obtained with a b i a s  
of -3350 v o l t s  was used t o  prepare a set of runs with the large s ignal  
program involving three c lasses  of electrons--those having the 
shortest  value of FRACLN (4.98), those having the longest value of 
FRACLN (11.36) and a th i rd  c l a s s  having an average value of 8.14. 
These values would correspond respect ively t o  an outer  edge electron, 
an inner edge electron and an electron s i tua ted  midway between these 
two in  the beam thickness. 
Thus, t h i s  aspect of the ana ly t ica l  program served t o  
The r e s u l t s  of these t ra jec tory  runs helped t o  define the 
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establish two factors in the design considerations - that the cycloiding 
in the beam under these launch conditions would be modest and that it 
represented an energy swing of 17% of the synchronous energy. 
the basic design of the amplifier is aimed at operation with a ratio of 
anode voltage to synchronous voltage of 20:1, this amount of cycloiding 
should have little effect on the efficiency of the tube. 
values obtained for axial velocity distributions shows the degree of 
control that may be obtained over the effective operating axial velocity. 
Over the range of values investigated, 50 volts of sole bias adjustment 
would result in about a 25 to 30 volt change in the axial velocity. 
Operation with a sole power supply stable to about 1% should make 
possible operation in a region where the innermost edge of the beam has 
been slowed down to about 10 volts. 
3.3 Large Signal Computer Calculations 
Since 
The range of 
In the case of a fully reentrant axial injection crossed- 
field amplifer, an estimate of the small signal gain may be obtained 
by taking the circulating current to be the cathode current multiplied 
by the ratio FRACLN/circuit length. The gain calculation is made via 
the usual 
where a = 
D =  
D =  
- 
IC - 
v =  
K =  
N =  
0 
relation: 
G = -6- 0: + 55DN db 
P 
insertion loss on delay line 
small signal gain parameter 
circulation current 
synchronous voltage 
interaction impedance of RF circuit 
number of RF wavelengths in the delay line 
Using this approach, a FRACLN of about 8".(20,4 cm) which is the 
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mean value fo r  the case of -3350 v o l t s  of so le  b ias ,  yields  a small 
s igna l  gain of about 30 db. The f a s t e s t  e lec t ron  with FRACLN of 
5'' (12.7 cm) predicts  a small  s igna l  gain of about 22.3 db. 
ear ly  large s igna l  calculat ions car r ied  out fo r  NASA-ERC under 
Contract Ws12-653 indicated tha t  a t  a value of FRACLN of 8" (20.4 cm), 
the simple small s igna l  value s t i l l  had va l id i ty .  The r e su l t s  of the 
large s igna l  computer calculat ion i n  tha t  case indicated a sa tura t ion  
gain leve l  of 18.5 db when the tube is driven with 20 watts of RF drive,  
yielding a power output of 1420 watts and 46.546 eff ic iency based on 
the ex i t  po ten t ia l  d i s t r ibu t ion  i n  the spent beam. The co l lec tor  
elements having the following poten t ia l s  applied: 
Some 
Collector Element Potentia 1 (vol t s  ) 
290 
1390 
2490 
3590 
4690 
5800 
This computer simulation was car r ied  out a t  a frequency of 300 MHz. 
The above large s igna l  run was then repeated with the 
a x i a l  ve loc i t i e s  of the electrons increased t o  correspond t o  a FRACLN 
of 5" (12.7 cm) or the veloci ty  t o  be expected from an outer edge 
electron.  I n  t h i s  instance the simple small s igna l  model f e l l  apar t .  
The gain with 20 watts of dr ive  was reduced t o  7.8 db. 
of output power was indicated and the e f f ic iency  reduced t o  7.7$,. 
e f f i c i enc ie s  computed from a l l  fu ture  large s igna l  runs a re  based on 
th i s  d i s t r ibu t ion  of co l lec tor  potent ia ls .  The run j u s t  described 
did not ye t  have space charge included i n  the calculat ion.  
Only 122 watts 
The 
Thus, it became apparent tha t  i n  order t o  obtain a reason- 
able  simulation under large s igna l  conditions,  runs had t o  be made 
with mult iple  ve loc i ty  classes simulated i n  the beam. These runs were 
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car r ied  out under t h i s  phase of the ana ly t i ca l  program. A s e r i e s  of 
runs were made containing the three values of FRACLN derived from the 
t r a j ec to ry  t rac ing  studies-i .e, ,  4.97" (12.62 cm) ,  8.14" (20.6 c m ) ,  and 
1.1.36~~ (28.8 c m ) .  These runs were made a t  a number of RF dr ive levels,  
f i r s t  without space charge, then with the inclusion of space charge, 
and f i n a l l y  f u l l  and p a r t i a l  r e f l ec t ion  with space charge was simulated. 
The large s igna l  operation of the amplif ier  with a f u l l  c i r c l e  
emitt ing cathode was investigated with a series of runs carr ied out 
under s i x  d i f f e ren t  sets of operating conditions. Each of the s i x  con- 
d i t ions  was fo r  a f u l l  c i r c l e  emit t ing cathode. S ix ty  charge rods rep- 
resent  the cathode current.  These en te r  a t  d i f f e ren t  distances along 
the in te rac t ion  s t ruc tu re  and a t  random values of phase on the RF c i r -  
c u i t ,  as would be the case i n  ac tua l  current  inject ion.  Twenty of 
these charge rods a re  assigned t o  each of the ve loc i ty  c lasses ,  r e s u l -  
t ing  i n  the FRACLNs already s t a t ed  as 4.971(12.62 cm) ,  8.14"(20.6 c m ) ,  
and 11.361~ (28.8 cm)  respectively.  The simulation i s  for  f u l l  reent- 
rancy; however, an examination of the charge rods remaining i n  the in- 
te rac t ion  space a t  the end of the f i r s t  i t e r a t i o n  indicated t h a t  most 
of them would be removed from the system somewhere within the d r i f t  
tube. Therefore, a second i t e r a t i o n  was not necessary s ince a neglig- 
i b l e  amount of current  would have been rec i rcu la ted  with the values of 
FRACLN tha t  were chosen. Two values of eff ic iency were calculated fo r  
each of these runs. Based on the d i s t r ibu t ion  of e x i t  po ten t ia l  i n  the 
spent beam a t  the end of the run, e f f ic iency  was calculated for  the 
ac tua l  six element col lector .  A discussion of these various runs 
follows. 
3.3.1 I n i t i a l  Runs Without Space Charge 
An i n i t i a l  run with 20 watts of RF dr ive  and no simulation 
of space charge forces was carr ied out. The current  in jec t ion  level 
was 1.8 amperes. 
a function of wavelengths along the delay l i n e  measured from the 
A p lo t  of gain and power level on the delay l i n e  as 
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input end i s  shown i n  Figure 7. It i s  seen tha t  the tube i s  barely 
in to  compression a t  t h i s  dr ive l eve l  and exhib i t s  a conversion e f -  
f ic iency of 47% based on the s i x  element co l lec tor .  
e f f ic iency  for  a co l lec tor  with a continuous d i s t r ibu t ion  of voltages 
would be 70.6$. 
d i s t r ibu t ion  of the spent beam. Examination of the current d i s t r iba -  
t i on  between anode and sole  keax the  output shows tha t  the current has 
not interacted s t rongly with the wave. 
The preceding run was repeated a t  a dr ive i eve l  of 60 watts, 
The theo re t i ca l  
This calculat ion is  based on the e x i t  po ten t ia l  
r e su l t i ng  i n  an  increase of co l l ec to r  e f f ic iency  t o  63.1 with 3124 
watts of output power. The gain has been compressed 3 db t o  17.2 db. 
3.3.2 Subsequent Runs Including Space Charge 
Having establ ished some reference calculat ions tha t  d i d  not 
include space charge forces, the two preceding runs were repeated with 
f u l l  space charge forces a t  the current in jec t ion  l eve l  of 1,8 amperes. 
The performance curve for  the case of 20 watts of RF' drive is given 
i n  Figure 9. The gain l eve l  achieved i s  20.2 db corresponding to  
2103 wat ts  of power. 
co l lec tor  i s  45$. The d i r t r i b u t i o n  of current t o  the various co l lec-  
t o r s  showed tha t  complete sa tura t ion  was not arr ived a t  with 20 watts 
of drive. 
w a t t s  of dr ive and the  r e s u l t s  a r e  shown i n  Figure 10. The saturated 
gain has been reduced t o  17.2 db with 3160 wat ts  of output power. 
conversion e f f ic iency  with the six element co l lec tor  is  56.3$. 
3.3.3 
The conversion e f f ic iency  f o r  the s i x  element 
The run including space charge forces was repeated a t  60 
The 
Calculations on a Reflecting System 
An approach which compensates fo r  the limited values of 
FRACLN which a r e  p rac t i ca l ly  ava i lab le  u t i l i z e s  r e f l ec t ion  of the 
e lec t ron  beam a t  the end spaces back in to  the in te rac t ion  space. 
Under t h i s  scheme, co l lec t ion  would take place i n  the d r i f t  space 
region, resu l t ing  i n  an e f f ec t ive ly  higher value of c i rcu la t ing  
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current .  A run was therefore made simulating t o t a l  r e f l ec t ion  a t  both 
the cathode and co l lec tor  ends of the tube with the current level  
reduced to  1.0 amps s ince the e f fec t ive  l eve l  of c i rcu la t ing  current 
would be considerably enhanced by the r e f l ec t ion  process. 
of t h i s  run a r e  shown i n  Figure 11. 
achieved with 20 watts of RJ? drive, the conversion eff ic iency i s  71.5% 
with a s ix  element co l lec tor .  
The r e s u l t s  
A high degree of saturat ion is  
Anaddi t ional  run was made t o  check the  e f f ec t  of placing the  
re f lec t ion  l eve l  a t  cathode potent ia l -  i .e. ,  a l l  e lectrons a r r iv ing  
a t  the end spaces of the delay l i n e  would be ref lected i f  they were 
above cathode poten t ia l  and collected i f  they were below cathode po- 
t e n t i a l .  The r e s u l t s  of t h i s  run are shown i n  Figure 12. With 20 
watts of RF  drive, 2436 watts of output i s  achieved and the eff ic iency 
of 68.2% i s  arrived a t  with a s ix  element co l lec tor .  
there is  a very marked increase i n  eff ic iency under conditions of f u l l  
and p a r t i a l  re f lec t ion .  This i s  due in  large instance t o  the f ac t  
tha t  the number of p a r t i a l l y  interacted electrons which a re  collected 
a t  lower poten t ia l s  is grea t ly  reduced so that  more of the electron 
stream is  operating a t  an e f fec t ive ly  higher rapio of anode voltage 
to  synchronous voltage. 
spaces eliminates the need fo r  t o t a l  reentrancy i n  order to  assure 
maximum eff ic iency.  
t o  insure tha t  r e f l ec t ing  electrons do not get past  the co l lec t ion  
point i n  the d r i f t  tube and thus build up a c i rcu la t ing  current which 
could contribute to  noise. A p rac t i ca l  r ea l i za t ion  of a scheme fo r  
f u l l  o r  p a r t i a l  re f lec t ion ,  therefore, would use a cathode of l i m i t e d  
circumferential  length placed near the input end of the tube, thus 
contributing t o  greater  e f f ic iency  and resu l t ing  i n  more gain with a 
lesser  length of ac t ive  c i r c u i t .  
It is seen tha t  
The use of e lec t ron  r e f l ec t ion  from the end 
It makes the elimination of reentrancy desirable  
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3.4 Analysis of Electron Trajector ies  i n  Collector Region 
A s  w i l l  be brought out i n  the section discussing t e s t  re -  
s u l t s  on the experimental amplifier,  the area i n  which the greatest  
divergence occurs between the ana ly t i ca l  model calculations and the 
experimental r e s u l t s  i s  i n  the region of eff ic iency f igures .  This 
i s  because of the f a i l u r e  of the co l lec tor  s t ruc ture  t o  operate e f -  
fec t ive ly .  A schematic drawing of the co l lec tor  region i s  given in  
Figure 13. The anode, the sole,  and the s i x  col lec tor  r ings a re  
drawn t o  scale in  t h i s  sketch. Also shown is an anode extension ring 
whose purpose is  t o  extend the anode poten t ia l  l i n e  to  the proper 
geometrical posi t ion in  the co l lec tor  region. Two main fac tors  appear 
t o  be degrading the measured eff ic iency of the experimental amplifier.  
One fac tor  w a s  an excessive amount of current drawn t o  the anode 
extension r ing under a l l  l eve ls  of RF drive. This represents an in- 
put of current a t  f u l l  anode poten t ia l  and r e s u l t s  i n  unused dc 
power input. I n  order to  invest igate  any anomalous behavior tha t  
might be occurring in  the co l lec tor  region, a s e r i e s  of runs was 
carr ied out t racing the paths of the incoming electrons.  I n  each run, 
seven electrons were injected into the  co l lec tor  region a t  d i f f e ren t  
r a d i a l  posi t ions which corresponded t o  potdnt ia l  posi t ions tha t  would 
be achieved a s  a r e s u l t  of varying the drive level.  The a x i a l  ve l -  
oc i ty  of the electrons was taken t o  be 50 electron v o l t s  in  the f i r s t  
s e r i e s  of runs. Later, one run was made with the a x i a l  ve loc i ty  
raised t o  200 electron vo l t s .  The circumferential  ve loc i ty  Of the 
electrons was the synchronous value. The following parameters were 
kept constant throughout the runs. A l l  voltages a re  given with respect 
to  cathode poten t ia l .  
Cathode -Anode Voltage 
Sole voltage 
Collector Ring ( i n  order of 
Ring 1 
increas ing radius) 
5800 v o l t s  
-3400 v o l t s  
600 v o l t s  
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Ring 2 
Ring 3 
Ring 4 
Ring 5 
Ring 6 
1390 v o l t s  
2490 v o l t s  
3590 v o l t s  
4690 v o l t s  
5800 v o l t s  
To simiilate a d i s t r ibu t ion  of e lectrons due t o  varying RF drive levels,  
the e1ec;rons w e r e  injected a t  the following poten t ia l  l eve ls .  
Electron 1 
Electron 2 
Electron 3 
Electron 4 
Electron 5 
Electron 6 
Electron 7 
-1100 v o l t s  
280 v o l t s  
1200 v o l t s  
2120 v o l t s  
3500 v o l t s  
4650 v o l t s  
5340 v o l t s  
The f i r s t  run was made with the anode extension r ing  a t  the 
anode poten t ia l  of 5800 vol t s ,  i t s  normal operating poten t ia l .  In  
t h i s  run the seven electrdns were assigned a x i a l  ve loc i t i e s  (towards 
the co l lec tor  s t ruc ture)  corresponding to  59 e lec t ron  v o l t s .  This 
would be typical  of the ve loc i ty  a t  the outer  edge of the electron 
beam when the bottom edge has been slowed to  the equivalent ve loc i ty  
of 10 e lec t ron  v o l t s .  
This f i r s t  run showed tha t  only Electrons 1, 2, and 3 
reached the appropriate co l lec tor  r ings.  The four e lectrons tha t  
had been injected a t  the four highest po ten t ia l  posi t ions were a l l  
re f lec ted  back in to  the in te rac t ion  s t ructure .  An examination of 
the cause for  t h i s  calculated r e su l t  showed tha t  there was a per- 
turbation of po ten t ia l  l i nes  in to  the space between the anode and 
the anode extension r i n g  and tha t  the extent of t h i s  po ten t i a l  per- 
tu rba t ior  was su f f i c i en t  to explain the  r e f l ec t ion  of the higher 
poten t ia l  e lectrons.  I n  the middle of the gap the reduction in  
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po ten t i a l  over t ha t  of the anode was on the order of 200 v o l t s .  
curving of the po ten t i a l  l i nes  resul ts  i n  a po ten t i a l  gradient d i r -  
ec t ing  the e lec t rons  back in to  the in te rac t ion  space. The spacing 
between the anode and anode extension r ing  had o r ig ina l ly  been chosen 
so t ha t  the anode extension r ing  would not produce excessive capac- 
i t i v e  loading of the bars  and the c i r c u i t  s t ruc tu re .  It now appears 
t ha t  t h i s  spacing i s  too great  f o r  proper e lec t ron  opt ics  t o  preva i l  
and is a possible  source of primary e lec t ron  re f lec t ion ,  f o r  those 
electrons enter ing the co l l ec to r  region a t  the higher po ten t i a l  
pos i t  ions. 
This 
I n  order t o  assess  t h i s  e f f e c t  a t  higher ax ia l  ve loc i t i e s ,  
the preceding run was repeated, assigning t o  the seven entering 
e lec t rons  an a x i a l  ve loc i ty  corresponding t o  about 200 e lec t ron  v o l t s .  
This was enough forward a x i a l  ve loc i ty  so t ha t  only the two e lec t rons  
a t  the highest  po ten t i a l  (e lec t rons  6 and 7) were re f lec ted  into the 
in te rac t ion  space. 
appropriate co l l ec to r  r ing .  
The o ther  f i v e  e lec t rons  were ab le  t o  reach the 
Thus, having demonstrated tha t  high a x i a l  e lec t ron  ve loc i -  
t i e s  a r e  a prerequis i te  t o  ge t t ing  past  the pocent ia l  h i l l  t ha t  e x i s t s  
between the anode and the anode extension ring, a series of runs were 
made t o  determine whether an adjustment of the anode extension r ing  
po ten t i a l  would help the s i t ua t ion .  
e lectrons w a s  once again set t o  50 e lec t ron  v o l t s  and the po ten t i a l  
of the anode extension r ing  was reduced i n  successive runs t o  5650 
vo l t s ,  5500 vol t s ,  $350 vo l t s ,  5200 vo l t s ,  and 5500 v o l t s .  These 
f ive  addi t iona l  runs d i d  not change the basic  resul ts .  Electrons 
4, 5, 6, and 7 were re f lec ted  in to  the in te rac t ion  space while 
e lectrons 1, 2, and 3 were col lected a s  i n  the i n i t i a l  run. Thus, one 
possible contr ibut ing f ac to r  t o  the e lec t ron  op t i c s  problems i n  the 
co l lec tor  region had been appraised. The addi t ion of secondary elec-  
t rons and space charge t r a j ec to ry  ana lys i s  might form the bas is  of an 
The a x i a l  ve loc i ty  of the 
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explanation for  the unexpected d i s t r ibu t ion  of currents  i n  the 
co l lec tor  region. 
One addi t iona l  s e t  of runs was carr ied out t o  invest igate  
the paths of e lectrons generated by secondary emission a t  the col-  
l ec tor  r ings.  The secondary emission electrons were simulated by 
placing a s e r i e s  of seven electrons j u s t  i n  f ront  of the surface of 
the various co l lec tor  elements. I n  the i n i t i a l  simulation each 
electron was given approximately two e lec t ron  v o l t s  of a x i a l  ve loc i ty  
i n  the d i rec t ion  of the in te rac t ion  space and two electron v o l t s  of 
a x i a l  ve loc i ty  i n  the d i r ec t ion  of increasing radius, with the i n i t i a l  
circumferential  ve loc i ty  being placed a t  zero. The co l lec tor  element 
poten t ia l s  were a s  given in  the previous section. The electrons were 
placed approximately 0.01" i n  f ront  of the various co l lec tor  r ings  i n  
a l l  cases except f o r  the f i r s t  r ing  near the outer  edge. The place- 
ment of the electrons w a s  as follows: 
Electron No. 
1 
2 
3 
4 
Posi t  ion 
Near the center  of Ring 1 
outer  edge of Ring 1 
outer  edge of Ring 2 
outer  edge of Ring 3 
outer  edge of Ring 4 
outer  edge of Ring 5 
outer  edge of Ring 6 
Electrons 1-4 a l l  l e f t  the co l lec tor  region and reentered 
the in te rac t ion  space rejoining the main stream. The three e lec t rons  
(5, 6, and 7) a t  the highest  values of po ten t ia l  behaved d i f fe ren t ly .  
Electrons 5 and 6 which were j u s t  outside the r ings  a t  po ten t ia l s  
of 3500 v o l t s  and 4650 v o l t s  respectively,  moved toward the in t e r -  
ac t ion  region. They w e r e  then turned around and driven in to  the r ing  
of next higher poten t ia l ,  causing an e f f ec t ive  addi t iona l  dc power 
input of about 1100 e lec t ron  vo l t s .  The electron a t  the highest  
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po ten t i a l  of 5800 v o l t s  was driven back in to  the r ing  from which it 
would have been emitted. 
possible emission ve loc i t ies ,  t h i s  run was repeated with the a x i a l  
ve loc i ty  increased by a fac tor  of 3, bringing the a x i a l  ve loc i ty  
directed in to  the in te rac t ion  space up t o  about 18 electron vo l t s .  
The general pa t te rn  of r e s u l t s  was the same. 
I n  order t o  examine the outer  range of 
The general trend of these r e s u l t s  indicates  tha t  the 
e lec t ron  tha t  might be emitted from the r ings near anode poten t ia l  
a r e  returned t o  a r ing  of next higher poten t ia l  instead of to  the 
r i n g  of emission o r  t o  the electron stream i n  the in te rac t ion  space. 
The co l lec t ion  of secondary emission electrons a t  r ings with a 
higher po ten t i a l  than the point of o r ig in  adds an addi t iona l  increment 
to  the input dc power and thus degrades the e f f ec t ive  eff ic iency of 
the amplifier.  The p o s s i b i l i t y  e x i s t s  tha t  some cor re la t ion  may ex i s t  
between these e f f e c t s  and the d i s to r t ion  of the e l e c t r i c  f i e l d  tha t  
was found due t o  the gap between the anode extension ring and the 
anode, s ince t h i s  t ransfer  of secondary electrons t o  higher po ten t i a l  
r ings i s  occurring primarily i n  the region near anode poten t ia l  where 
the d i s to r t ion  pa t te rn  is strongest.  I 
3.5 Comparison of Experimental Results 
I n i t i a l  t e s t ing  of the experimental amplifier was carr ied 
out a t  a duty cycle of 0.001 and l a t e r  increased t o  0.01. This was 
done so t ha t  a rapid evaluation of the e lec t ronic  performance of the 
tube could be obtained independently of an evaluation of the power 
handling capab i l i t i e s  of the s t ruc ture .  
The major area i n  which performance deviated from tha t  
predicted by the ana ly t i ca l  model was inefficiency. This was due t o  
two main reasom. The f i r s t  reason was tha t  the amplifier was ex- 
cessively noisy unless s teps  were taken t o  inh ib i t  e lec t ron  reentrancy 
through the d r i f t  region. I n  order t o  inh ib i t  e lec t ron  reentrancy, 
the control  element t ha t  had been inserted in to  the sole  i n  the d r i f t  
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region was raised t o  a high pos i t ive  poten t ia l .  While t h i s  d i d  have 
the e f f ec t  of eliminating reent ncy and the undesired background of 
noise, i t  a l so  meant the co l lec t ion  of a large amount of current a t  
a potent ia l  well  above the cathode so tha t  a degradation of eff ic iency 
resul ted.  The other major reason fo r  the poor eff ic iency performance 
was the large amount of current drawn t o  the anode extension r ing  and 
the apparent lack of proper switching between the col lector  elements 
near anode poten t ia l  under condition of large s ignal  drive.  
To i l l u s t r a t e  the e f f ic iency  capabi l i ty  of the amplifier a t  
saturat ion drive, a large negative b i a s  was placed on a l l  the col lec-  
t o r  r ings,  i n c l u d i n g h  anode extension ring, so a s  t o  drive a l l  the 
current back in to  the in te rac t ion  space with no current being col lec-  
ted on the  co l lec tor  elements. Under these conditions, e f f ic ienc ies  
of about 70% were achieved a t  power output levels  of about 1200 and 
?400 watts.  Under t h i s  arrangement of tube elements, spurious outputs 
appear with the removal of RF dr ive.  However, t h i s  mode of operation 
was s e t  up to  evaluate the e f f ic iency  capabi l i ty  of the amplifier a s  
a matter apar t  from the problem of proper operation of the  co l l@ct ion  
s t ruc ture .  
Figure 14 shows an experimental response curve obtained with 
the various co l lec t ing  elements set t o  receive current but with the 
sole  in se r t  t i e d  back t o  anode poten t ia l  t o  completely inh ib i t  re- 
entrancy. 
however, the eff ic iency is  seen t o  have been degraded in  the manner 
already discussed. The large s igna l  computer simulation had or igin-  
a l l y  predicted tha t  approximately 2100 watts of power a t  45% e f -  
f ic iency would be obtained with 1.8 amperes of cathode current.  
Experimental r e s u l t s  i n  t h i s  case show the predicted level  of gain; 
however, the eff ic iency and power output fo r  t h i s  par t icu lar  case is 
ha l f  of that  predicted.  This i s  believed t o  be the r e s u l t  of the 
co l lec tor  problem discussed in  the previous sect ion.  
The predicted gain of about x) db has been achieved; 
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FIGURE 14 RF POWER CHARACTERISTICS FOR EXPERIMENTAL AMPLIFIER UNDER 
NON-REFLECTING CONDITIONS AT 20 w DRIVE POWER- 
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4.0 QUALITATIVE DESCRIPTION OF THE NON REENTRANT AXIAL I N J E C T I O N  CFA 
4.1 genera 1 P r  inc i des  
The problems with the beam opt ics  discussed i n  the previous 
sect ion have led t o  a revis ion in  the a x i a l  in jec t ion  tube geometry. 
Figures 15 through 17 a r e  sketches i l l u s t r a t i n g  the revised pr inciples  
of operation. Figure 15 shows a view looking into the in te rac t ion  
space from one side.  
the anode s ide of the in te rac t ion  space and a smooth sole  electrode 
A delay l ine  (slow wave c i r c u i t )  is mounted on 
is  mounted on the negative s ide opposite the anode. This sole  e lec-  
trode is  biased negatively with respect t o  the cathode. A magnetic 
f i e l d  is directed perpendicular t o  the plane of the paper. The 
voltage applied between the sole  and anode es tab l i shes  an e l e c t r i c  
f i e l d  perpendicular t o  the magnetic f i e l d .  In  t h i s  crossed-field 
geometry, e lectrons flow from l e f t  t o  r igh t  with a ve loc i ty  equal t o  
the r a t i o  of the dc e l e c t r i c  t o  the magnetic f i e l d .  I f  the gun i s  
designed t o  properly in j ec t  the electrons into the in te rac t ion  space, 
the t r a j ec to r i e s  w i l l  be smooth. Any deviation from optimum in jec t ion  
conditions w i l l  produce r ipp l ing  o r  cycloiding of the t r a j ec to r i e s .  
Minimi7ation of t h i s  cycloiding is necessary t o  optimize the eff ic iency 
of the amplif ier .  Figure 15 shows the beam under 7ero o r  very low RF 
input dr ive t o  the amplif ier .  The beam is  injected into the in t e r -  
act ion space from one s ide along about the f i r s t  quarter of the length 
of the delay l i ne .  Af te r  in te rac t ion  with the RF wave on the delay 
l ine,  the beam is collected on a co l lec tor  having one or  more elements. 
The various branches of t h i s  co l lec tor  serve t o  so r t  out the d i f f e ren t  
po ten t ia l  energy classes  in  the spent beam so t ha t  e lectrons a r e  
collected a t  a voltage near t h e i r  e x i t  po ten t ia l  from the in te rac t ion  
space. 
The beam in jec t ion  system may be seen more c l ea r ly  i n  
Figures 16 and 17. Figure 16 shows a view looking from the delay 
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FIGURE 15 SIDE VIEW SCHEMATIC OF VAXrTRON AMPLIFIER 
Voltages a r e  given with r e spec t  t o  cathode although the  delay 
l i n e  i s  gtounded. Elec t rons  a r e  made t o  c o l l e c t  on c o l l e c t o r  
mrfaces by reduct ion  of the magnetic f i e l d  above plane A-A 
and t o  t he  r i g h t  of plane B-B. 
l o w  RF drive.  A t  higher d r ive  powers a considerable  pa r t ion  of 
the beam w i l l  be co l l ec t ed  on the delay l ine.  Three c o l l e c t o r s  
are rhown, but  i n  p r a c t i c e  the  number can vary from one t o  over 
ten. 
Sketch corresponds t o  r e l a t i v e l y  
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FIGURE 16 SCHEMATIC VIEW LOOKING FROM ANODE TWARD SOLE SHONING 
Drawing i s  not t o  scale and i n  actual tube, velocity i n  x directio; 
REFLECTION OF ELECTRONS FROM S I D E  SHIELD 
exceeds that- iri’z direction by several times . L  
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l ine  toward the sole .  This view i s  highly schematic and does not show 
d e t a i l s  of the gun s t ruc ture .  A s  may be seen, the beam is injected 
a t  a s lant ing angle across the in te rac t ion  space and is  ref lected 
several  times from end shields  a t  the s ide of the interact ion space 
i n  the process of t ravel ing from the gun t o  the co l lec tor  region. 
ve loc i ty  in  the d i rec t ion  down the tube (x d i rec t ion  i n  Figure 1.5 and 
16) is  made subs tan t ia l ly  larger  than the ve loc i ty  in  the a x i a l  d i r -  
ect ion so that  there is  only a small amount of energy associated with 
the a x i a l  d r i f t  veloci ty .  
toward the co l lec tor  is made synchronous with the wave on the delay 
l ine t o  obtain the d e s i r e d  t ravel ing wave interact ion.  Figure 17 
shows a cross-sectional sketch through plane 1-1 i n  Figures 15 and 16. 
This i s  a view looking down the in te rac t ion  space i n  the d i rec t ion  of 
e lectron flow toward the co l lec tor .  This sketch shows the gun elec-  
trodes i n  more d e t a i l .  A s  may be seen, the gun is  s imilar  t o  the 
magnetron in jec t ion  guns which have been used i n  some TWTs and klystrons.  
Opposite the gun i n  Figure 17 we show the r e f l ec to r  e lec-  
The 
The component of ve loc i ty  down the tube 
trode. This e lectrode is a l s o  shown in  Figure 15 and extends alongside 
the in te rac t ion  space on both s i d e s .  The r e f l ec to r  i s  r ea l ly  a spec- 
i a l l y  designed form of end ha t  which is  used t o  improve RF l inea r i ty .  
We w i l l  re turn to  a descr ipt ion of i t s  operation i n  a l a t e r  section. 
I 
4.2 RF In te rac t ion  in  Crossed-Field Amplifiers 
The nature of the in te rac t ion  taking place in  the crossed- 
f i e l d  amplifier may be understood b e t t e r  by reference t o  Figure 18 
which shows the beam and the e l e c t r i c  f i e l d s  of the RF wave in  a 
moving frame of reference. For a maximum gain in  a crossed-field 
amplif ier  the beam i s  made t o  t r ave l  with i t s  average ve loc i ty  (equal 
t o  E / B )  synchronous with the c i r c u i t  wave ve loc i ty .  A t  synchronism 
the dc e l e c t r i c  f i e l d  forces pul l ing an e lec t ron  toward the anode are  
ju s t  balanced by the magnetic f i e l d  forces pushing it  toward the sole .  
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FIGURE 18 SKETCh OF RF INTERACTION IN MOVING FRAME OF REFZRENCE 
Arrows on R~ electric f i e l d s  are in d i r e c t i o n  of  force  on an e lec t ron .  
Sketch shows beam def lec ted  as it  would be a t  a power l e v e l  6 db to 
10 db below sa tura t ion .  
be taken by e lec t rons .  
Dashed l i n e s  show paths  which w i l l  subsequently 
The y components of the.- f i e l d  a r e  responsible  
- f o r  . .  phase focusing . .  of. t h e  beam. - 
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The introduction of the RF f i e l d s  of the c i r c u i t  wave upsets t h i s  
balance. Those electrons i n  the favorable phase a re  decelerated by 
the RF wave. I n  the process the k ine t i c  energy lo s t  is given up to  
the RF c i r c u i t  wave, resu l t ing  i n  amplification of t h i s  wave. The 
mechanism of energy exchange is  through the RF currents  induced on 
the delay l ine  by the motion of the electrons.  These currents  a r e  so 
phased a s  t o  add t o  the currents already flowing on the l ine,  re -  
su l t ing  in  enhancement of the c i r c u i t  wave. A s  the electrons slow 
down a s  a r e s u l t  of the RF interact ion,  the magnetic f i e l d  force to-  
ward the sole  i s  reduced and the electrons a re  pulled toward the anode 
by the dc e l e c t r i c  f i e l d .  I n  the process the electrons regain k ine t i c  
energy from the dc e l e c t r i c  f i e l d .  Electrons i n  the favorable phase 
thus undergo a motion by which they continuously give up energy to  
the c i r c u i t  wave and regain it  from the dc f i e l d .  In  the process 
they move from the o r ig ina l  ‘beam posi t ion toward the delay l i ne .  
Electrons i n  the unfavorable phase undergo the same process, but with 
d i rec t ions  reversed so that  they ex t rac t  energy from the c i r c u i t  wave 
and move away from the o r ig ina l  beam posi t ion toward the sole.  In  the 
regions between the favorable phase and unfavorable phase, the com- 
ponents of the RF f i e l d  a re  such as t o  produce a focusing of e lectrons 
toward the favorable phase. This phase focusing, together with the 
fact t ha t  e lectrons i n  the favorable phase move into regions of higher 
RF f i e l d  strength while those i n  the unfavorable phase move into 
regions of lower R?? f i e l d  strength,  r e s u l t s  i n  the net gain of the 
amplif ier .  
synchronism with the c i r c u i t  wave and thus t h e i r  average k ine t i c  en- 
ergy. The energy interchange in  the crossed-field amplifier may thus 
be said t o  be a r e s u l t  of the motiom of e lectrons across the dc 
f i e l d  from the o r ig ina l  beam pos i t ion  toward the anode and the sole. 
The k ine t i c  energy of the electrons remains approximately constant 
and t h i s  k ine t i c  energy i s  diss ipated on the delay l i ne  o r  co l lec tor  
Throughout t h i s  process the electrons maintain t h e i r  
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elements when the electrons a re  col lected.  
of the crossed-field amplif ier  can be made high by making the r a t i o  
of the po ten t i a l  difference between the o r ig ina l  beam posi t ion and 
the anode large a s  compared to  the k ine t i c  energy of the beam. I f  
we neglect RF a t tenuat ion on the l ine,  we can then ca lcu la te  a theo- 
r e t i c a l  maximum eff ic iency.  I f  voltages a r e  measured r e l a t i v e  to  the 
cathode taken a t  7ero poten t ia l ,  V 
and Va is  the anode voltage, the theo re t i ca l  e f f ic iency  is  given by: 
The conversion e f f ic iency  
is  the beam synchronous voltage 
0 
V 
ef f ic iency  = 100% (I - f ) 
a (4) 
To maximize t h i s  e f f ic iency  the r a t i o  of V t o  V 
large.  In  the present S-band amplifier,  t h i s  r a t i o  w i l l  be in  the 
v i c i n i t y  of 10 giving a theo re t i ca l  maximum ef f ic iency  of 96. I n  
pract ice ,  of course, the e f f ic iency  is  reduced because of RF losses  
on the c i r c u i t  and because of excessive k ine t i c  energy d iss ipa t ion  on 
the c i r c u i t  i f  the beam is not per fec t ly  focused. 
should be made 
a 0 
The reason fo r  the second of these e f f e c t s  is indicated i n  
the sketch of Figure 19. Electrons following cycloiding t r a j e c t o r i e s  
have an  average ve loc i ty  equal t o  the E/B d r i f t  veloci ty ,  bu t  the 
instantaneous ve loc i ty  is  grea te r  than the average ve loc i ty  when the 
electrons a r e  above the mean posi t ion of t h e i r  t r a j ec to ry ,  
pondingly, the electron ve loc i ty  is l e s s  than the average ve loc i ty  
when the electrons a r e  below t h i s  mean posi t ion.  
t rons on the anode occurs near the top of the cycloid and thus a t  a 
ve loc i ty  exceeding the average E/B  d r i f t  ve loc i ty .  Therefore, the 
energy diss ipated i s  grea te r  than tha t  corresponding to  V 
depending on the degree of cycloiding. 
i s  introduced in to  equation (4) t o  give: 
Corres- 
Collection of e lec-  
the amount 
0 
To express th i s ,  a fac tor  k 
( 5 )  kvo ) ef f ic iency  = 100% (I - 7
a 
The magnitude of k va r i e s  from 1 fo r  a per fec t ly  focused beam to  4 
Anode 
Smooth trajectories k = 1 
Small cycloiding k c 1.5 
Complete cycloiding k - 4 
I 
FIGURE 19 SKETCH SHOWING CYCLOIDIMG TRAJECTORIES 
Collection of electrons on the anode occurs near the top of cycloid 
vhere v e l o c i t y . i s  maximum. Velocity i n  the x direction i s  given by: 
v v [I + (fi - 1) s in  iCt] 
0 
. :  
X 
. a, - ( e / m )  B . c  
k = cycloiding voltage factor 
Where e/m i s  the charge . .  to’mass rat io  for an electron, B i s  the 
magnetic f i e l d  and.vo i s  the synchronous . velocity.  
* - *  
fo r  a completely unfocused beam (as  occurs i n  an emitting sole  CFA) 
which has twice the d r i f t  ve loc i ty  a t  the top of a cycloid. 
simulation analysis  of the S-band amplif ier  design indicates  a k value 
of about 1.1. 
version e f f ic iency  t o  8&. 
beam cycloiding is  s ign i f i can t ly  reduced by the high V 
Computer 
This value of k reduces the theo re t i ca l  energy con- 
The e f f e c t  on conversion e f f ic iency  of 
t o  V r a t i o .  
I n  a crossed-f ie ld  amplifier,  unfdvorably phased electrons 
a 0 
can reduce the saturated power output and ef f ic iency .  
i s  made long enough, a l l  e lec t rons  a r e  eventually phase focused in to  
the favorable phase and s t r i k e  the delay l i ne .  W e  then have an ex- 
tended sa tura t ion  region, as sketched i n  Figure 20. This extended 
sa tura t ion  region occurs since unfavorably phased e lec t rons  a re  being 
phase focused over t h i s  region and a r e  contr ibut ing to  the c i r c u i t  
wave, although a t  a s ign i f i can t ly  reduced r a t e  s ince Less current  is 
in te rac t ing .  The addi t iona l  c i r c u i t  length and the at tenuat ion re- 
I f  the tube 
q u i r e d  t o  phase focus the remaining current general ly  r e s u l t  i n  a 
decrease i n  the power output and eff ic iency.  To avoid th i s ,  the in t e r -  
ac t ion  is terminated a f t e r  the favorably phased e lec t rons  have f u l l y  
interacted.  This region is indicated on the curve presented i n  
Figure 20. This leaves about one-third of the current  i n  the unfav- 
orable  phase. 
RF wave and moved toward the so l e  from the o r ig ina l  beam posi t ion.  
As a consequence i t  w i l l  co l l ec t  on a co l lec tor  element a t  cathode 
poten t ia l .  This improves e f f ic iency  g rea t ly  a s  compared t o  co l lec t ing  
t h i s  current  a t  anode po ten t i a l .  
because the unfavorably phased e lec t rons  a re  accelerated from a po- 
t e n t i a l  less than cathode po ten t i a l  t o  cathode poten t ia l .  To some 
extent,  t h i s  wasted power may be reduced by the phase focusing proper- 
t ies  of the re f  l ec to r  e lectrode.  
This current  has gained energy a t  the expense of the 
However, some power is s t i l l  wasted 
The f a c t  t ha t  the ve loc i ty  of the e lec t rons  remains synchron- 
ous with the c i r c u i t  wave i n  a crossed-field amplif ler  means t h a t  a s  
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FIGURE x) SKETCH OF SATURATION CURVE SHOWING WHERE ELECTRONS ORIGINALLY 
FAVORABLY PHASED AND ORIGINALLY UNFAVORABLY PHASED ARE 
COLIECTED 
The e l e c t r o n s  which a r e  o r i g i n a l l y  i n  the  unfavorable phase a r e  gradual ly  
phased focused i n t o  t h e  favorable  phase and co l l ec t ed  on the  anode. 
p r a c t i c e ,  t h e  tube is dr iven  t o  point  S and the-unfavorably phased 
e l e c t r o n s  are co l l ec t ed  on a cathode p o t e n t i a l  co l l ec to r  element. 
I n  
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the  bunches are*fonned, they remain centered i n  the favorable phase 
of the RF wave. This, i n  turn, means tha t  there  is r e l a t i v e l y  l i t t l e  
pushing of the phase of the c i r c u i t  wave a s  the amplitude of the RF 
drive is changed, Thus, AM t o  PM conversion, which contribute6 t o  
the generation of intermodulation products, is  minimized i n  injected 
beam crossed-field amplif iers .  
s t u d i e s  of t h i s  cha rac t e r i s t i c  on our present CFA programs. However, 
the r e l a t i v e  phase s h i f t  of the wave with respect t o  the cold c i r c u i t  
wave is pr inted out i n  our computer simulation of the CFA, and from 
t h i s  we can obta in  computed values of the AM t o  PM conversion. The 
numbers a r e  i n  the v i c i n i t y  of 1 degree per db, an order of magnitude 
l e s s  than they a r e  with 0-type t rave l ing  wave tubes. 
noted tha t  AM t o  PM conversion can a l s o  be obtained from computer 
simulations f o r  0-type tubes and tha t  the values  a r e  close t o  those 
which a r e  measured on ac tua l  tubes. ) 
W e  have not made de ta i led  experimental 
(It should be 
A property of crossed-field sheet beams which i s  substan- 
t i a l l y  d i f f e ren t  from 0-type beams is the a b i l i t y  of the crossed-field 
beam t o  amplify i n  the absence of a slow wave c i r c u i t .  This ampli- 
f i c a t i o n  comes about due t o  a s l ipp ing  stream e f f e c t  and is  of ten 
known a s  diocotron gain. This diocotron gain contr ibutes  subs t an t i a l ly  
t o  the low l eve l  gain of the CFA, but it sa tu ra t e s  a t  power levels  
subs t an t i a l ly  below the f i n a l  saturated output power. 
of t h i s  s l ipp ing  stream gain gives r ise t o  a power input versus power 
output c h a r a c t e r i s t i c  a s  shown i n  Figure 21. As the  drive power is 
reduced below tha t  required f o r  saturat ion,  there  is a gradual in-  
crease i n  gain u n t i l  the  ult imate low leve l  gain is  reached. The 
difference between the high level and low level gain is dependent upon 
a space charge parameter and t h e  length o'f the tube. 
operated near o r  a t  saturat ion,  we need not be concerned about the  
high values of low level gain. I f ,  however, i t  is d e s i r e d  to  obtain 
l i n e a r i t y  over some dynamic range, a means of making the high and 
The existence 
For a tube 
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FIGURE 21 SKETCH OF 
'Drive power - db scale 
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SHOWING GRADUAL SATURATION FOR HIGH VALUES OF 
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low leve l  gains more nearly equal is required. 
provides a means of doing t h i s  through the use of phase s h i f t s  of 
the electrons r e l a t i v e  t o  the c i r c u i t  wave every time the  electrons 
a r e  ref lected.from the s ide of the in te rac t ion  space. This concept 
w i l l  be discussed l a t e r .  
The Vaxitron concept 
4.3 Beam Collection 
Figure 22 shows a multi-element co l lec tor  system tha t  can 
be used i n  a crossed-field device. This co l lec tor  takes advantage 
of the f a c t  tha t  the electrons in  the spent beam a re  already s p a t i a l l y  
sorted, with those electrons which have given up the greatest  amount 
of energy being close t o  the anode. A l l  e lectrons have approximately 
the same ve loc i ty  i n  the x d i r ec t ion  i n  Figure 22. The crossed-field 
co l lec tor  system a l s o  takes advantage of the f ac t  tha t  the E / B  d r i f t  
ve loc i ty  is  i n  the pos i t ive  x di rec t ion  only. Thus, e lectrons cannot 
be re f lec ted  from the co l lec tor  system back down the tube toward the 
gun, This is an important l imi ta t ion  on the design of multi-element 
co l lec tor  systems f o r  0-type tubes. I n  the crossed-field co l lec tor  
system, w e  f i r s t  increase the anode to so1e;spacing. This reduces 
the dc e l e c t r i c  f i e l d  and consequently, the x directed k ine t i c  energy 
of the spent e lectrons.  I f  t h i s  reduction i n  e l e c t r i c  f i e l d  takes 
place gradually, the electrons simply move away from the anode toward 
lower po ten t i a l s  and t h e i r  forward directed ve loc i ty  is  reduced. We 
then en te r  the multiple element co l lec tor  system i t s e l f .  This con- 
s is ts  of a number of branches in  the in te rac t ion  space with the higher 
po ten t i a l  branches located a t  r i gh t  angles t o  the continuation of the 
main in te rac t ion  space. The na tura l  d i rec t ion  of e lectron flow is  
thus toward the lower po ten t i a l  branch of the co l lec tor  system. Only 
i f  an e lec t ron  cannot energe t ica l ly  enter  the low poten t ia l  branch 
w i l l  it turn around and go up the high poten t ia l  branch. Branching 
systems of t h i s  so r t  have been studied on the computer and it i s  found 
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t ha t  they do an excel lent  job of sor t ing  the spent beam with p rac t i ca l ly  
none of the e lec t rons  enter ing a higher po ten t i a l  branch than is  neces- 
sary. 
they m o v e  down the v e r t i c a l  channels, a s  shown i n  Figure 22. The 
magnetic f i e l d  is gradually reduced along these channels ( the  channels 
simply run out of the region where the magnetic f i e l d  i s  high) and 
co l lec t ion  then occurs on the high po ten t i a l  surface of each branching 
channel. 
e l e c t r i c  f i e l d  i n  the gap between the co l lec tor  elements. 
require  a tapered gap spacing between the co l lec tors .  
the number of co l l ec to r  elements employed, we increase the dynamic 
range over which we can maintain e f f i c i e n t  operation. 
Once the e lec t rons  have been sorted by the branching col lector ,  
Beam co l l ec t ion  can a l s o  be accomplished by increasing the 
This would 
As we increase 
When ehe tube 
is operating a t  saturat ion,  only a s ing le  branch and a s ingle  col lec-  
t o r  element appears necessary t o  obta in  e f f i c i e n t  operation. I n  t h i s  
case the s ingle  depressed co l l ec to r  element is run a t  the cathode 
po ten t i a l  so t ha t  an ex t ra  co l l ec to r  voltage is not required. 
s ing le  element depressed co l lec tor  is a regular  fea ture  of our con- 
vent ional  injected beam CFA and it operates about a s  the computer 
Such a 
simulations predict  it should. Multiple co l l ec to r  branches are now 
being intruduced in to  experimental tubes. It should be noted tha t  
the mult iple  element co l l ec to r  is employed here not t o  optimi7.e the 
e f f ic iency  a t  saturat ion,  but t o  opt i m i - e  e f f i c i enc ie s  a t  power leve ls  
less than sa tura t ion  where the  beam has not f u l l y  interacted.  
operation a t  saturat ion,  a s ing le  element a t  cathode po ten t i a l  i s  a l l  
t ha t  is required.  To 0ptimil.e e f f ic iency  a t  output power leve ls  below 
sa tura t ion  requires  addi t iona l  co l l ec to r  elements since the beam has 
a grea te r  pos i t ion  spread. 
For 
An important question about operat ion with multiple element 
co l l ec to r s  i s  whether we gain e f f ic iency  i n  the CFA more rapidly with 
multiple vol tages  than we lose it i n  the power supply system. Figure 
23 shows a sketch of a type of power supply system which has been 
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FIGURE 23 SKETCH OF POWER SUPPLY SYSTEM 
A tapped transformer is employed t o  develop mul t ip le  c o l l e c t o r  
voltages. The sole  supply i s  regulated by a reference vol tage 
t o  ground so t h a t  the s o l e  t o  ground vol tage  may be h e l d  t i g h t e r  
than  the  cathode t o  ground vol tage  without requi r ing  a s ' t i g h t  a 
r egu la t ion  on the  high cu r ren t  cathode supply. 
', 
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considered fo r  s a t e l l i t e  appl icat ions and which we have been informed 
can be made to  produce the mul t ip l i c i ty  of vol tages  without s a c r i f i c e  
in  power supply eff ic iency.  Some s i z e  and weight increase is  needed 
but  t h i s  is  believed t o  be l e s s  than 15% fo r  up t o  10 col lec tor  vol-  
tages.  
individual r e c t i f i e r s  f o r  each voltage.  Total  energy storage is about 
the same a s  i n  a s ingle  voltage supply, so the main increase in  s iye 
This system involves use of tapped power transformer with 
comes from the added r e c t i f i e r s  and a somewhatlarger transformer. It 
can be seen tha t  energy losses a r e  not increased and thus power supply 
e f f ic iency  is  not reduced by t h i s  arrangement. 
approach is  the assumption tha t  the co l lec tor  voltages do not have t o  
be individually adjusted and tha t  t h e i r  regulat ion may be somewhat 
poorer than tha t  of the main cathode voltage.  
the proposed Vaxitron amplif ier .  
Fundamental t o  t h i s  
This i s  the case fo r  
4.4 The Magnetron In jec t ion  Gun 
It is  evident from Figures 15 through 17 tha t  the beam used 
i n  the Vaxitron amplif ier  could a l t e rna t ive ly  have been injected into 
the in te rac t ion  space from the end, and t h i s  i s  what i s  done i n  the 
conventional injected beam crossed-f i e ld  amplifier.  We have found, 
however, t ha t  i n j ec t  ion from the s ide has three s ign i f icant  advantages. 
F i r s t ,  the a x i a l  in jec t ion  guns have a subs tan t ia l  advantage i n  the 
trade-off between noise and cathode current density.  Crossed-field 
guns of the type used f o r  end in jec t ion  in  conventional crossed-field 
amplif iers  become noisy i f  the width of the cathode becomes an appre- 
c iab le  length i n  the d i rec t ion  of the beam flow. These noise e f f e c t s  
were studied i n  d e t a i l  under previous U.S, Army contracts  t o  CSF 
(Contract N o .  DA9l 591). 
sary e i t h e r  t o  use a short  width cathode with resu l t ing  high current 
To avoid such noise generation, it is  neces- 
dens i t i e s  and compromises i n  tube l i f e ,  o r  a l te rna t ive ly ,  t o  g r i d  the 
cathode. Gr ids  i n  a high power tube of t h i s  sor t ,  however, a l so  
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compromise l i f e  and r e l i a b i l i t y .  A principal  advantage of the a x i a l  
in jec t ion  gun i s  thus the noise reduction r e l a t i v e  t o  the conventional 
injected beam gun, which occurs a s  a r e su l t  of the' t ilt  of the%cathode 
with respect t o  the magnetic f i e ld .  This noise reduction has a l so  
been observed i n  s tudies  of magnetron in jec t ion  guns fo r  0-type tubes 
by a number of investigators.  The reduction i n  noise i n  the a x i a l  
in jec t ion  gun, i n  turn, permits us  t o  operate with larger  area cathodes 
and thus a t  cathode current dens i t ies  which a re  compatible with a 
subs tan t ia l ly  increased l i f e  requirement. A second important advantage 
of the a x i a l  in jec t ion  gun i s  tha t  the resu l t ing  a x i a l  ve loc i t i e s  and 
consequent r e f l ec t ion  of the beam from the s i d e s  of the interact ion 
space permit us t o  introduce the phase s h i f t s  which l inear i7e the RF 
dynamic range cha rac t e r i s t i c s  of the tube. We w i l l  r e turn  to  a d i s -  
cussion of the r e f l ec to r  operation i n  the next paragraph. 
advantage of s ide  in jec t ion  i s  that  d i s t r ibu t ion  of current inject ion 
along the s ide of the interact ion space a l so  r e s u l t s  in  d i s t r ibu t ion  
of the location where electrons s t r i k e  the c i r c u i t  and thus reduces 
power d iss ipa t ion  density.  Figure 24 i s  a cross-section view of an 
a x i a l  in jec t ion  gun used in  a VHF crossed-field amplifier.  Guns used 
in  higher frequency tubes a r e  qui te  s imilar  i n  pr inciple .  
A th i rd  
k . 7  The Reflector Design 
LineariTation of the RF output vs. input characte-rist ic (RF 
dynamic range cha rac t e r i s t i c )  can be accomplished through the shaping 
of the r e f l ec to r  electrodes.  During the time when electrons a r e  near 
the r e f l ec to r  they a re  in  a region with a y directed dc e l e c t r i c  f i e l d  
(Ey) which can be greater  o r  l e s s  than t h a t  i n  the  main interact ion 
space, depending on the r e f l ec to r  shape. This can be seen in  Figure 
25, which shows a sketch of the f i e l d s  i n  the v i c i n i t y  of the r e f l ec to r .  
This f igure is  a representat ion of the type of r e f l ec to r  current ly  used 
i n  which the Ey f i e l d s  a re  reduced in  the r e f l ec to r  region. The 
geometry used has been determined by computer s tudies  of the t r a j ec -  
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& R e f  lected electron trajectory 
* x G m  25 SKETCH SHaUING TRAJECTORIES AND EQUIPOTENTIALS I N  THE 
VICINITY OF THE PREBUNCHING COLLECTOR. Refleeted electrons 
return along almost identical path as  incident trajectory. 
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-63 
t o r i e s  i n  the co l l ec to r  region. 
ve loc i ty  i n  the x d i rec t ion  (d i r ec t ion  of wave propagation) is reduced 
i n  the r e f l e c t o r  region and consequently a re f lec ted  e lec t ron  is  de- 
layed i n  phase r e l a t i v e  t o  the RF c i r c u i t  wave. 
top and bottom of the beam have d i f f e ren t  a x i a l  v e l o c i t i e s  and there-  
fore  undergo a d i f f e ren t  number of r e f l ec t ions  from the s i d e  co l l ec to r s  
and thus d i f f e r ing  re la t ive delays with respect t o  the c i r c u i t  wave. 
This upsets the bunching process t o  some extent and reduces the high 
gain which can occur under small s igna l  conditions. 
As a resul t  of the reduced Ey, the 
Electrons near the 
Under large s igna l  conditions, the d i f f e r e n t i a l  phase s h i f t s  
a r e  l e s s  e f f ec t ive  i n  reducing gain. There a r e  two reasons f o r  t h i s .  
F i r s t ,  the  r e f l e c t o r  is designed so t ha t  the phase s h i f t s  introduced 
decrease as the beam moves from i ts  o r ig ina l  in jec t ion  pos i t ion  toward 
the anode. 
make the d i f f e r e n t i a l  phase s h i f t s  much less e f f ec t ive  i n  reducing gain. 
Second, the strong phase focusing forces  of the RF wave 
Using t h i s  d i f f e r e n t i a l  phase s h i f t  technique we have been 
ab le  t o  extend l i nea r  operation and zero s igna l  s t a b i l i t y  t o  beam 
currents  (and thus power outputs) several  t i m e s  l a rger  than those tha t  
were previously the l i m i t  f o r  l i nea r i ty .  
64 
5.0 DESIGN OF THE s-BAND EXPERIMENTAL VEHICLE 
I n  t h i s  sect ion we w i l l  discuss the design of the experimen- 
t a l  tube s t a r t i n g  with the delay l i ne  and then proceeding t o  the gun, 
Ehe s ide  ref  lectors ,  the RF in te rac t ion  calnulat ions and the co l lec tor  
design. The background material ,  i n  some cases represents theore t ica l  
r e s u l t s  obtained on o ther  programs and subsequently applied to  t h i s  
program. 
t ions w a s  conducted i n  this  program. 
s tud ies  discussed i n  sect ion 3 of this  report  and discussions of these 
resul ts  led, i n  turn, t o  the der ivat ion of the "Bril louin Conditions" 
f o r  an a x i a l  in jec t ion  beam which were f i n a l l y  carr ied out on RADC 
Contract F30602-69-C-0205. Some of the key der ivat ions made on the 
RADC study a r e  included a s  unclassif ied appendicies i n  reference 7. 
Reference w i l l  be made t o  t h i s  s e t  of appendicies i n  the following 
d iscuss ion. 
The o r ig ina l  study of the phase s h i f t  undergone on r e f l ec -  
The r e s u l t s  of the computer 
5 .1  The Delay Line 
The type of delay l i n e  employed on t h i s  program is known a s  
a meander l ine.  Figure 26 shows a sketch of t h i s  type of l ine  with 
the dimensions which a r e  used i n  the experimental tube on t h i s  pro- 
gram. The meander l ine  can be viewed as a s t r i p  l ine  above a ground 
plane,  Propagation occurs along the meandering path a t  a ve loc i ty  
equal t o  the ve loc i ty  of l igh t ,  taking in to  account the s l i gh t  re -  
duction because of d i e l e c t r i c  loading. The phase ve loc i ty  along the 
d i r ec t ion  of beam propagation is thus approximately equal t o  the 
ve loc i ty  of l igh t  multiplied by the r a t i o  of the l i ne  pi tch t o  i t s  
width . 
The pa r t i cu la r  l ine  employed on t h i s  program is not optimum 
fo r  the ult imate appl icat ion because it  does not provide an optimum 
trade-off between thermal capabi l i ty ,  in te rac t  ion impedance and 
at tenuat ion.  Further, i t  is centered somewhat higher i n  frequency- 
3.0 GHz ra ther  than 2.0 GH2. It was chosen f o r  the preseat experi- 
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Dimensions are in inches (cm) . 
MEANDER LINE FOR USE IN THE S-BAND AXIAL INJECTION CFA. 
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mental program because it was readi ly  avai lable  through modification 
of a re la ted ex is t ing  design. 
The meander l ine is  supported from the base by be ry l l i a  
ceramics. The l ine  is  bra-ed t o  the ceramics and the ceramics a re  
in  turn braved t o  the base using a copper-silver eu tec t ic  bra7ing 
al loy.  
be ry l l i a  ceramic r e s u l t s  i n  a high power d iss ipa t ion  charac te r i s t ic  
for  t h i s  type of delay l ine.  Liquid cooling channels a re  located 
d i r e c t l y  beneath the be ry l l i a  ceramics and form part  of the delay 
l ine  subassembly. 
The dispersion cha rac t e r i s t i c s  of the shielded meander l ine  
a re  a composite of the e f f ec t s  due t o  capacit ive coupling df - .  adjacent 
f ingers  and due t o  the r e f l ec t ion  introduced a t  the turnaround points 
of the meander l ine.  The f i r s t  of these e f f ec t s  i s  considered in  a 
The r e l a t i v e l y  short  path of the high thermal conductivity 
formula developed by Mourier and LeBlond (Ref. 9) and by Arnaud (Ref, 
10). 
employed in  t h i s  formula. In  terms of these coeff ic ients ,  the d i s -  
Figure 27 gives the de f in i t i on  of the capacity coef f ic ien ts  
persion i s  given by: 
0 
2 cos - 
n cos kJ = 
1 + 2 & sin2 4 
10 
where 8 = phase s h i f t  p e r  sect ion of the c i r c u i t  
k = (u/c 
(I) = radian frequency 
c = veloc i ty  of l i g h t  
. . .  
The capacity coef f ic ien ts  'of C 
t h i s  formula it i s  seen tha t  the dispersion i s  minimized by minimizing 
the finger-to-finger capacity C a s  compared t o  the finger-to- 12 
and CI2 a re  defined i n  Figure 28. From 
10 
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FIGURE 28 DISPERSION AND INTERACTION -Ncp m T S , E - M N D  SLOW 
WAVE CIRCUIT. 
ground capacity, Cl0. 
shielded meander line. 
This is the function of the shields in the 
To obtain the effects of the meander line turn-around on 
the dispersion, we must turn to Campbell's equation, which is given 
by : 
cos 8 = cos k.4- ( 7 )  
or 
X cos 8 = cos k.4 - - sin k,2 
zo 
where 8 is the phase shift per section of the loaded line 
R is the line length per period (approximately equal to the 
B is the shunt susceptance of the bend 
X is the series reactance of the bend 
meander line width 
Y is the characteristic admittance of the unloaded line 
Z is the characteristic impedance of the unloaded line 
0 
0 
zo = l/Yo 
This equation 
the, bend of the meander 
shows that the dispersion is minimized by making 
line as reflectionless as possible. Reflections 
from the bend are the source of the stop band centered around 31 phase 
shift .per section. 
In theory, it is possible to construct a complete mathematical 
model of the meander line by employing the results of the Mourier- 
LeBlond equation to obtain the characteristics of the transmission 
line section as a function of frequency and then by using these 
results to determine a frequency dependent 8 to em?loy in 0 
Campbell's equation t o  obtain the f i n a l  dispersion curve. 
we have resorted t o  an experimental approach using the theory as a 
guide ra ther  than t rying t o  carry the  calculat ions into t h i s  d e t a i l .  
I n  pract ice  
Figure 28 shows the experimentally determined dispersion 
and in te rac t ion  impedance cha rac t e r i s t i c s  fo r  the delay l ine  sketched 
i n  Figure 26. 
tage bandwidth of 200 MKz. There i s  adequate dispersion to  insure 
tha t  the upper band edge frequency i s  not synchronous with the beam 
so tha t  o sc i l l a t ions  a t  t h i s  frequency w i l l  be avoided. 
The dispersion i s  low enough t o  provide a fixed vol-  
Since the meander l ine  is e s sen t i a l ly  a two-wire l i n e  in- 
sulated from ground, it  has a cha rac t e r i s t i c  impedance between the 
l i n e  and ground which is constant a s  a function of frequency. This 
impedance may be measured experimentally using a time domain re f lec-  
tometer. Such measurements have shown the cha rac t e r i s t i c  impedance 
t o  ground t o  be 65 ohms. 
t o  from the extermal l ines .  The f a c t  tha t  t h i s  impedance i s  r e l a t i v e l y  
constant as a function of frequency grea t ly  a s s i s t s  our matching t o  
the delay l ine.  Once the cha rac t e r i s t i c  impedance to  ground i s  known 
we can ca lcu la te  the in te rac t ion  impedance, which in  turn  gives us a 
measure of the e l e c t r i c  f i e l d  s t rength avai lable  t o  in t e rac t  with the 
This i s  the  impedance tha t  we must match 
electron beam. This calculat ion proceeds by determining the difference 
in  the voltage between f inger  and ground for  two adjacent f ingers  and 
se t t i ng  t h i s  equal t o  the voltage difference between the two f ingers .  
I n  t h i s  manner we can relate the in te rac t ion  impedance t o  the char- 
a c t e r i s t i c  impedance of the l ine.  Detai ls  of t h i s  derivation are 
given i n  Appendix I of Reference 7. 
t h i s  der ivat ion i t  is  a l s o  necessary t o  take in to  account the voltage 
va r i a t ion  a x i a l l y  along the f ingers .  A s  i s  obvious from reference t o  
the sketch of the  1 ine i n  Figure 26, the voltage difference between 
f ingers  i s  zero a t  the turn-around and maximum a t  the s i d e  opposite 
the turn-around. I n  our der ivat ion we have taken t h i s  e f f ec t  into 
account approxiamtely by averaging the impedance a t  the center and 
I n  the process of carrying out 
a t  the s ides  of the l ine .  The resu l t ing  expression for  the in t e r -  
ac t ion  impedance in  terms of the cha rac t e r i s t i c  impedance is $iven by: 
where Zo i s  the cha rac t e r i s t i c  impedance of the l i n e  
0 i s  the phase s h i f t  per sect ion 
8 
0 i s  the  gap t r a n s i t  angle 
The f i r s t  of the three fac tors  multiplying the cha rac t e r i s t i c  
impedance Z 
factor ,  which gives the component of the fundamental RF f i e l d  i n  terms 
of the t o t a l  f i e l d  across  a gap. The second fac tor  r e s u l t s  from tak- 
ing voltage differences between adjacent f ingers .  The th i rd  fac tor  
takes in to  amount the va r i a t ion  of impedance across the a x i a l  height 
a f  the c i r c u i t .  I n  pract ice ,  each sect ion of the c i r c u i t  cons is t s  of 
two gaps, one on each s ide of the ground shield.  
we have neglected t h i s  and taken the gap fac tor  a s  i f  the shield were 
absent. We believe tha t  t h i s  causes only minor e r ro r s  in  our impedance 
calculat ions.  Using the above expression we have calculated the 
in te rac t ion  impedance a s  a function of the frequency and included the 
r e s u l t  i n  Figure 28. This method of determing the in te rac t ion  i m -  
pedance is  thus a combination of e t heo re t i ca l  and an experimental 
method, The i t e r a t i v e  impedance of the l i ne  i s  determined experi-  
mentally from time domain reflectometer measurements and from t h i s  
the in t e rac t  ion impedance i s  calculated using the above expression. 
i n  the above expression w i l l  be recognized as  the gap 
0 
I n  our ca lcu la t ion  
The in te rac t ion  impedance may a l so  be determined experi-  
mentally using per turbat ion techniques. 
the l i n e  i s  resonated by introducing large r e f l ec t ions  a t  the meander 
To employ these techniques, 
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l i n e  to  coaxial  l i ne  transducers a t  the ends of the l ine .  The s h i f t  
i n  the resonant f requency-is  then measured when a t h in  sheet of . 
d i e l e c t r i c  is placed mer the face of the l ine.  
impedance can be re la ted  t o  the percentage of s h i f t  i n  the resonant 
frequency. 
s h i f t  data a re  derived i n  Appendix I1 of Reference 7. 
The in te rac t ion  
The expressions employed f o r  reduction of this frequency 
Using these 
expressions, we have measured the in te rac t  ion impedance of shielded 
meander l ines  and compared the r e s u l t s  with those obtained from the 
cha rac t e r i s t i c  impedance measured with the t i m e  domain reflectometer.  
The two techniques agree within about 2oqd. 
Another important cha rac t e r i s t i c  of the delay l i ne  is  its 
at tenuat ion.  Figure khows the experimentally determined a t t en -  
uation as a function of frequency f o r  the l i n e  employed i n  the 
experimental tube. 
db/in and cm of c i r c u i t  length. 
portance since it is t h e . r a t i o  of the gain pet  un i t  length to  the  
attenua'3lon per uni t  length, which determines.the reduction of 
e f f ic iency  caused by t h l  a t tenuat ion.  This r a t i o  is of importance 
only near the RF output whe're the RF power levels a r e  s ign i f icant .  
Higher values of c i r c u i t  a t tenuat ion may be used near the input where 
the powQr leve ls  on the delay l i n e  a r e  comparatively low without de- 
grading c i r c u i t  eff ic iency.  I n  the experimental tubes this has been 
done by i ron p la t ing  the  delay l ine  Over the f i r s t  two inches qf 
c i r c u i t  length. 
improved i so l a t ion  between the RF input and the RF output and enhances 
s t a b i l i t y .  The i ron p l a t ing  increases the at tenuat ion i n  the input 
port ion of the tube by a fac tor  of about two Over the values shown i n  
Figure 29. 
is thus approximately 8 db a t  3 GHz. 
The at tenuat ion values a r e  given i n  terms of 
This is the cha rac t e r i s t i c  of i m -  
6 ,  . 
This increase i n  c i r c u i t  a t tenuat ion provide8 an ' 
The t o t a l  inser t ion  loss of the f ive  inch length of l i n e  
Although high average power is not an object ive of t h i s  
immediate program, the  delay l i ne  is capable of supporting high 
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average power. W e  have calculated the thermal impedance i n  degrees 
centigrade per watt of power flow from the l i n e  t o  the base. 
a s ing le  c i r c u i t  period it  is  0.85” Cjwatt. 
operation the maximum diss ipa t ion  per f inger  w i l l  be about 80 w a t t s  
so the temperature d i f f e r e n t i a l  between l ine  and base w i l l  be about 
70°C. 
of course, be less. 
For 
I n  the FM mode of 
I n  the AM mode of operation the  temperature d i f f e r e n t i a l  w i l l ,  
Measurements of the thermal impedance of s imilar  l i nes  have 
been made using the tester shown i n  Figure 30. 
and a water cooled base, powers of 135 watts per ceramic have been 
Using t h i s  t e s t e r  
diss ipated without damage t o  the ceramics i n  a l i n e  having twice the 
thermal impedance. A separate v e r i f i c a t i o n  of the thermal calcu- 
l a t ions  has  a l s o  been obtained by passing 60 cycle current through a 
delay l i n e  and measuring the temperature d i f f e r e n t i a l  between the 
delay l i n e  and coolant using temperature sens i t ive  l iquid c rys t a l s .  
5.2 The Axial  In jec t ion  Gun 
5.2.1 General Fr inc ip les  
Figure 17 showed the general  configuration of the a x i a l  
in jec t ion  gun. This type of gun is s imi la r  i n  concept t o  magnetron 
in jec t ion  guns which have previously been used i n  voltage tunable 
magnetrons and i n  c e r t a i n  types of TWTs and klystrons.  
i n  t h i s  type of gun has been studied theo re t i ca l ly  by Kino and Taylor 
(Ref. 8). The reasons we have considered t h i s  type of a gun i n  place 
of the conventional injected beam gun were l i s t e d  i n  the introduction. 
I ts  po ten t i a l  f o r  lower current  densi ty  is i l l u s t r a t e d  by Figure 31, 
which shows a comparison of the  cathode f o r  the a x i a l  i n j ec t ion  CFA 
with tha t  employed i n  a comentional  injected beam CFA using the same 
type of delay l i ne .  
can be increased up t o  two inches, a s  compared with 0.550 f o r  the 
injected beam gun. 
Beam formation 
The long dimension of the a x i a l  in jec t ion  gun 
For the same value of the narrow dimension, the 
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current densi ty  for  the a x i a l  inject ion gun w i l l  thus be lower by a 
fac tor  of about 4. 
noise control  propert ies  of the t i l t e d  cathode i n  the a x i a l  in jec t ion  
gun we can increase the narrow dimension of the cathode compared t o  
tha t  which would be employed i n  an ungridded conventional injected 
beam gun. This means tha t  the a x i a l  inject ion gun could have a 
current density advantage of a t  l eas t  a fac tor  of 5 compared with an 
ungridded conventional injected beam gun using the same delay l i ne  
width. It has been shown tha t  the noise i n  ronventional injected 
beam guns may be reduced by placing a gr id  Over the cathode. 
mades it  impossible t o  increase the narrow dimension i n  Figure 31 for  
the conventional injected beam gun. However, i f  t h i s  is  done, the 
current densi ty  does not decrease a s  rapidly a s  one might i n i t i a l l y  
expect because the gr id  wires tend t o  concentrate the current density 
in  the region between the wires. It is  our be l ie f  that  a s  w e  increase 
the cathode width in  the injected beam gun by a fac tor  of two, by 
employing a gr id  we reduce the peak current densi ty  by a fac tor  of 
only about 1.5. The introduction of the grid i n  an injected beam 
tube a l s o  provides an element which may s ign i f i can t ly  reduce the l i f e  
and r e l i a b i l i t y  of the tube. 
advantage to  the a x i a l  in jec t ion  gun i n  terms of current densi ty  a s  
w e l l  a s  l i f e  and r e l i a b i l i t y .  
employed a gun having a width of only 0.050 ra ther  than the 0.150 
which we believe is  ul t imately feasible .  This l i m i t s  our advantabe 
i n  current densi ty  t o  a fac tor  of about 2 t i m e s  a s  compared with a 
conventional injected beam gun. This, however, is s t i l l  s ign i f icant .  
The resu l t ing  current densi ty  of the gun employed is 1.9 a/cm . With 
a w i d e r  cathode and operation a t  lower current and higher voltage, 
the current density can be reduced t o  about 0.5 a/cm . 
A t  the same t i m e ,  we  believe tha t  because of the 
This 
There thus appears t o  be a subs tan t ia l  
I n  the experimental program we have 
2 
2 
Figure 32 shows the three regions of the a x i a l  in jec t ion  gun. 
Region 1 i s  what we c a l l  the Kino region. Here the space charge flow 
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FIGURE 32 SKETCH OF THE AXIAL INJECTION GUN 
Sl ightly accelerating value o f  E, i n  transition region is used to 
adjust axial dr i f t  velocity.  
gradually t o  speed the beam up i n  the x direction. 
A t  the same t i m e  E is increased Y 
follows the  i d e a l  t r a j e c t o r i e s  calculated by Kina and "Taylor. Elec- 
trode shapes i n  t h i s  region a r e  s e t  up i n  accordance with the Kino- 
Taylor theory (Ref. 8) t o  insure t h i s  type of space charge flow. 
we were t o  attempt t o  continue the Kin0 region u n t i l  the x ve loc i ty  
i n  Figure 31 was equal t o  the c i r c u i t  synchronous veloci ty ,  the Kino 
region would become very long and the  z ve loc i ty  would become very 
large.  W e  thus terminate the Kino region a f t e r  the beam is w e l l  
formed and a t  a point where the x and 7 v e l o c i t i e s  a re  r e l a t i v e l y  low. 
The beam then en te r s  a t r a n s i t i o n  region. I n  t h i s  region the e l e c t r i c  
f i e l d  is  increased so a s  t o  increase the x ve loc i ty  i n  Figure 32 while 
a t  the same t i m e  the  shape of the equipotent ia ls  is adjusted to  pro- 
vide e i t h e r  a s l i g h t  re tarding f i e l d  i n  the z d i rec t ion  o r  a t  l e a s t  
no subs tan t ia l  acce le ra t ion  of the beam i n  t h i s  d i rec t ion .  The shape 
of some typ ica l  equipotent ia ls  i s  sketched i n  Figure 32. The th i rd  
region of the gun is  the in te rac t ion  space proper where the y d i rec-  
t e d  e l e c t r i c  f i e l d  is constant and there  is  no z directed e l e c t r i c  
f i e l d .  I n  the case of the conventional injected beam tube, the 
requirements fo r  smooth laminar flow (Br i l lou in  flow) lead to  a cer-  
t a i n  ve;ocity s l i p  across  the beam, with t h i s  s l i p  being a function 
of the h a m  current,  the synchronous voltage, the beam width (h  i n  
F igure  3l) , :and the magnetic f i e l d .  
I f  
I n  the a x i a l  in jec t ion  case we 
have derived a s imi la r  expression which gives the ve loc i ty  s l i p  i n  
both the x and z di rec t ions .  
of the gun separately.  
5.2.2 The Kino Region 
We wil1,now discuss each of these regions 
The equations f o r  space charge flow i n  the Kino region are  
simplest i f  the coordinates a r e  taken a s  shown i n  Figure 33- i.e., 
with one of the axes p a r a l l e l  t o  the cathode surface.  When the 
cathode i s  t i l t e d  with respect t o  the magnetic f i e l d ,  t h i s  means tha t  
there w i l l  be a component of magnetic f i e l d  perpendicular t o  the 
h 
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cathode as w e l l  as one p a r a l l e l  t o  t h e  cathode surface. This i s  the  
coordinate system t h a t  Kino and Taylor used i n  t h e i r  analysis .  
d i f f e ren t  from t h e  system used i n  Figure 32, where one of the coordinate 
axes ( t h e  z ax i s )  i s  taken p a r a l l e l  t o  t he  magnetic f i e l d .  
later be found t h a t  t h i s  s impl i f ies  t he  ana lys i s  of the  t r a n s i t i o n  
region. An appropriate transformation of coordinates must be made as 
w e  go from one region t o  the o ther .  
are given i n  normalized form. To understand the  e f f e c t  of various 
gun parameters on the  ve loc i t i e s ,  i t  i s  des i rab le  t o  put these equations 
back i n  unnormalized form. 
used i s  given i n  Appendix I V  of Reference 7. 
It i s  
It w i l l  
The o r ig ina l  Kino-Taylor equations 
The der iva t ion  of the  equations w e  have 
The r e su l t i ng  equations 
for  
are 
the  top and bottom x and z v e l o c i t i e s  a t  t he  end of the  Kino region 
given by 
2 3  
v- = v  (1 -2)  
2 X - x + .  
where v and v a re  t h e  top and bottom x-directed ve loc i t i e s  
v and v are t h e  top and bottom z-directed ve loc i t i e s  
I is  the  beam current  
X x+ - 
=+ c z 
Jo i s  the  cathode current  density 
8 is  t h e  cathode tilt angle 
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L i s  the cathode length i n  the  x direct ion 
z i s  the  cathode length in t he  z di rec t ion  
0 
z i s  the distance along a t r a j ec to ry  assuming the or ig in  
a t  the r ea r  edge of the cathode. 
A l l  quant i t ies  a r e  i n  MKS uni t s .  
Equations 10-13 a re  expressed in  the Kino coordinates 
To convert them t o  the coordinates of Figure 31, in of Figure 32. 
which the R ax i s  i s  p a r a l l e l  t o  the magnetic f ie ld ,  we use the t rans-  
formation equations a s  follows: 
v ‘ V  
x %  
v = v cos 0 - v s i n  8 
’K ZK 
v = v cos 6 -I- v ;in GI 
nK YK Z 
where v v and v a r e  the  ve loc i t i e s  i n  the  coordinates of 
Figure 36 in which the z axis  i s  pa ra l l e l  
t o  the magnetie f i e l d  
and v are the  ve loc i t i e s  in ’  the-Kino coordinates 
x’ Y Z 
v,- , v z -K ’K K of Figure 33. 
8 i s  the cathode tilt angle. 
These equations have been programmed fo r  a t i m e  share 
computer t o  give us the ex i t  plane conditions a t  various dis tances  
from the end of the cathode. Results of such calculat ions fo r  the 
two inch long gun employed i n  the experimental tube a r e  suimarized 
in  Table 111. The tab le  shows the conditions a t  the e x i t  plane. The 
values of pos i t ion  and ve loc i ty  obtained f o r  the t ra jec tory  a t  t h i s  
point can then be employed as input conditions t o  the d i g i t a l  com- 
puter t r a j ec to ry  t racing calculat ions which a r e  employed t o  car ry  the 
t r a j e c t o r i e s  through the t r a n s i t i o n  region and into the in te rac t ion  
space. 
TABLE I11 
KTNO REGION PARAMETERS AT EXIT PLANE 0.025 INCHES (0.0635 CM) 
FROM EDGE OF CATHODE FACING INTERACTION SPACE - 
COORDINATES OF FIGURE 28 
2 Cathode current 1.2 amps Cathode current density 1.94 arnps/cm 
Cathoge length 
Cathode width (parallel 
2.0 inches (5.08 cm) 
0.050 inches (0.0508 cm) to magnetic field) 
Units -
Magnetic field 
Top trajectory y 
Bottom trajectory y 
Top x voltage 
Top y voltage 
Top a voltage 
Bottom x voltage 
Bottom y voltage 
Bottom z voltage 
Top transit angle (act) 
Bpttom txansit angle 
2500 
0.25 
,0064 
.0162 
.0&3 . Olog 
128 
0.1 
180 
62 
0.1 
47 
34 
23 
3 500 
0.35 
,0034 
,0087 
,0022 
,0056 
65 
03 
179 
32 
03 
47 
47 
33 
gays 
w/m 
in. 
cm 
in. 
cm 
volts 
volts 
volts 
volts 
volts 
volts 
radians 
radians 
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Reference t o  the above equations show the current densi ty  and 
the angle of t i l t  a s  a r a t i o  of J The cosine of Q a l s o  
en ters  in to  the x directed ve loc i ty  equations but since the angles 
a re  o rd ina r i ly  q u i t e  small, the  cosine is almost equal t o  unity.  
Therefore, t o  a good approximation current  density,and cathode angle 
appear only a s  a r a t io ,  J o / s i n  8. 
conditions may therefore  be obtained w i t h  d i f f e ren t  cathode angles 
and current  dens i t ies .  The current  densi ty  may be lowered f o r  a given 
e x i t  ve loc i ty  condition by using a shallower cathode angle. 
t o  s i n  8. 
0 
A given s e t  of e x i t  plane ve loc i ty  
Previous experience with Kino guns i n  0-type tubes show9 
tha t  the noise leve l  produced by the gun is  a function of the angle 
of the cathode with respect t o  the magnetic f i e l d  (Ref. 11, 12).  The 
existence of high noise leve ls  i n  crossed-f ie ld  e lec t ron  guns under 
c e r t a i n  conditions has  been known f o r  a number of years and it has 
been postulated tha t  the mechanism f o r  t h i s  high level  o r  anomalous 
noise is the r e s u l t  of a po ten t i a l  minimum i n s t a b i l i t y .  Recent 
t heo re t i ca l  s tud ies  by Ho and VanDuxer (Ref. 13) appear t o  have shed 
a consiiderable'amount of l i gh t  on the d e t a i l s  of t h i s  mechanism. 
Apparently, the t i l t  of the cathode surface with respect t o  the mag- 
ne t i c  f i e l d  in t e r f e re s  with the feedback e f f e c t s  which generate the 
po ten t i a l  minimum i n s t a b i l i t y .  The e f f e c t  of s l i g h t  t i l t s  of the 
cathode surface with respect t o  the magnetic f i e l d  i n  reducing 
the noise by many orders  of magnitude has been noted by several ex- 
perimenters using magnetron in j ec t ion  guns i n  0-type tubes. 
Recently, s imi la r  resul ts  have been reported by Wadhwa and 
Sisoda (Ref. 14) when the guns i n  conventional injected beam tubes 
a r e  t i l t e d  s l i g h t l y  with respect t o  the magnetic f i e l d .  T i l t  angles 
a s  low a s  a ha l f  degree have proven e f f ec t ive  i n  conventional magne- 
t ron  in jec t ion  guns. 
parameters, t ilt  angle, and the onset of high leve l  noise is not known. 
Experience has indicated tha t  4 degree t i l t  angle guns a r e  not noisy 
A t  present the re la t ionship  between the gun 
and there  is subs tan t ia l  evidence t o  indicate tha t  2 degree t i l t  
angle guns a r e  a l so  sa t i s fac tory .  
the possible danger of increasing gun noise and a l so  into p rac t i ca l  
l imi ta t ions  on our a b i l i t y  t o  hold the percentage tolerance on the 
t i l t  angle within an acceptable range. 
concentrated our e f f o r t s  i n  the present program on gun tilt  angles i n  
the 2 degree t o  4 degree range. 
For lower tilt  angles we run in to  
For these reasons we have 
5.2.3 The Transi t ion Region 
The a x i a l  (z component) and longitudinal fx component) ve l -  
oc i ty  of the electrons,  a s  wel l  a s  the ve loc i ty  s l i p  i n  both of these 
direct ions,  is fu r the r  modified i n  the t r ans i t i on  region. A t  one 
time it  was believed tha t  the z directed ve loc i ty  s l i p  would not be 
affected by a s ign i f icant  amount i n  the t r a n s i t i o n  region and tha t  we 
could simply modify the x ve loc i ty  component by increasing the elec-  
t r i c  f i e l d  while decelerating the z component by a proper shaping of 
the equfpotentials t o  provide a decelerating z directed force.  During 
t h i s  study i t  was found, however, t ha t  the z directed ve loc i ty  s l i p  
is  a l so  subs tan t ia l ly  modified i n  the t r ans i t i on  region. 
It is desirable  t o  maintain the a x i a l  ve loc i ty  a s  small a s  
possible even when a r e f l ec t ing  system is employed to  minimize the 
energy associated with a x i a l  ve loc i t f e s  which may not be recovered, 
and i f  possible t o  insure tha t  e lectrons emitted from the input end 
of the gun do not re turn  t o  the gun a f t e r  t h e i r  i n i t i a l  r e f l ec t ion  
from the opposite s ide  of the in te rac t ion  space. That is, we would 
prefer  t o  obtain the s i t ua t ion  sketched i n  Figure 34a rather  than tha t  
i n  Figure 34b. It is not c e r t a i n  j u s t  what the e f f ec t  of t r a j e c t o r i e s  
re f lec ted  back in to  the gun would be. 
S-band Vaxitron beam t e s t e r  tend t o  indicate  tha t  t h i s  s i t ua t ion  is  
tolerable ,  a t  l ea s t  f o r  some f r ac t ion  of the gun near the output. 
Unti l  more is  known about th i s ,  however, i t  seems t o  be a desirable  
Some i n i t i a l  experiments on an 
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procedure to  a t  l ea s t  minimize the length of the cathode over which 
re f lec ted  electrons r e tu rn  to  the gun. 
A l imi ta t ion  on the minimum a x i a l  ve loc i ty  of the top beam 
edge electrons i s  obtained a s  a r e s u l t  of the ve loc i ty  s l i p  i n  the 
z diredt ion.  Examination .of equations 10-13 fo r  the Kino gun region 
show tha t  a t  the e x i t  from t h i s  region, the electrons a t  the top edge 
of the beam have a higher ve loc i ty  i n  the z di rec t ion  than do those 
a t  the bottom beam edge. I f  x directed retarding f i e l d s  a re  now 
applied i n  the t r a n s i t i o n  region, the z veloc i ty  of both the top and bottom 
edges of the beam is reduced. I f  the ve loc i ty  s l i p  is su f f i c i en t  we 
eventually reach a condition $a which the retarding f i e l d s  slow the 
bottom edge of the beam down to  Tero and turn  the bottom edge of the 
beam back in to  the gun. A t  t h i s  point the top edge electrons s t i l l  
have a f i n i t e  z directed veloci ty .  Experimentally it has been found 
tha t  a x i a l  in jec t ion  guns have a cha rac t e r i s t i c  a s  sketched i n  Figure 
35 as  a function of the sole  t o  cathode voltage.  A t  the knee of 
t h i s  cbrve, the bottom edge electrons a re  j u s t  barely turned around. 
The a x i a l  ve loc i ty  of the top edge electrons remains f i n i t e  a t  t h i s  
point.  I f  we want t o  avoid trapping of current in  the gun which 
appears t o  be necessary from the standpoint of minimizing noise and 
cathode back bombardment, the minimum a x i a l  ve loc i ty  of the top edge 
electrons is  therefore  fixed by the a x i a l  ve loc i ty  s l i p  in  the beam. 
Not only is there  an  a x i a l  ve loc i ty  s l i p  in  the beam a t  the 
e x i t  of the Kino region, but t h i s  ve loc i ty  s l i p  is  fur ther  increased 
i n  the t r a n s i t i o n  region. The reason for  t h i s  can be seen by exam- 
ining the equipotent ia ls  i n  Figure 32. It can be seen tha t  there  i s  
a v a r i a t i o n  in  the z directed e l e c t r i c  f i e l d  force a s  a function of 
the y coordinate so t ha t  i f  the e l e c t r i c  f i e l d  is increased i n  the 
t r a n s i t i o n  region, there  w i l l  be a difference i n  the z directed forces 
applied on the top and bottom edges of the beam i n  such a d i rec t ion  
a s  t o  increase the z directed s l i p .  A t  one time it  was thought tha t  
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t h i s  e f f e c t  would be small because the beam is  qui te  t h i n  r e l a t i v e  to  
the fnEeraction"spaee; ->. However, the voltage gradients across the 
thickness of the beam a r e  substant ia l ,  resu l t ing  i n  a t o t a l  voltage 
difference between the top and the bottom edge of the beam which is 
of a s ign i f icant  magnitude. I f  a reasonable f r ac t ion  of t h i s  t o t a l  
voltage difference is associated with differences in  the z veloc i t ies ,  
the e f f ec t  of the f i e l d  gradients in  the t r a n s i t i o n  region w i l l  be 
s ign i f icant  even though the beam is qui te  t h in ,  
led us  t o  a more de ta i led  study of the gradients i n  t h i s  region. 
t h i s  purpose we defined voltages associated with the x, y and 7. 
v e l o c i t i e s  as follows: 
Realization of t h i s  
For 
2 v 
n- X 
vx 27 
2 
V 
v -3- 
Y 27 
2 
v = -  v7 
2 27 
v = v  + v  + v  
x y x  
where v v and v a re  the x, y, and z directed ve loc i t i e s  respect ively Ys' Y z 
7 i s  the charge t o  mass r a t i o  for  an electron 
V i s  the t o t a l  voltage with respect t o  the' cathode through which 
an e lea t ron  has f a l l e n  
It shduld be remmbered t ha t  the-vol tages  -defined abwe are not 
vectors  but a r e  associated with the individual ve loc i ty  components. 
Thug, the three voltages V V and V add i n  a sca le r  manner to  x' y' 2 
give the total voltage V. In terms of these voltages we were able 
to develop an approximate expression for the effect of the field in 
the transition region on the axial voltage V. 
carried out in Appendix V of Reference 7 for a space charge free beam, 
This derivation is 
The resulting relationship for the axial voltage is given by: 
= m t  
nvzI - *'zK Y 
where AV is the difference in top and bottom z voltages in the ZI interaction space 
is the difference in top and bottom z voltages at the 
exit of the Kino region 
AE is the difference in the y directed dc electric field 
between the interaction space and the Kino gun 
exit 
*%K 
Y 
t is the average beam thickness in the transition region 
Equation (21) says that the axial voltage difference between 
the top and bottom of the beam is increased when the y directed electric 
field is increased in the transition region to accelerate the beam in 
the x Cirection. The equation does not tell us anything specific' about 
either the top or bottom edge axial voltage but only something about 
the difference between these voltages at the end of the Kino region 
and in the interaction space. 
equation (21) can be generalized to take space charge into account and 
at the same time can be made exact for a laminar beam. 
As will be shown in the next section, 
A digital computer simulation has been employed in practice 
to design the transition region and to carry the trajectory calculations 
through the transition region into the main interaction space. 
discussing this computation, however, it is useful to discuss the 
Brillouin conditions which must obtain in the main interaction space. 
Before 
5.2.4 The In te rac t ion  Space - Conditions fo r  Laminar Flow 
I n  a conventional injected beam system, conditions f o r  
laminar f l a t  with no cycloiding can be derived. 
i s  shown i n  Figure 36. 
there  must be an exact force balance on a l l  of the electrons.  This 
r e s u l t s  i n  crossed-field Br i l lou in  flow. It can be shown tha t  t h i s  
require9 a va r i a t ion  i n  x directed ve loc i ty  across  the beam which 
may be re la ted  t o  the magnetic f i e ld ,  B by: 
The system studied 
For laminar non-cycloiding flow to occur, 
av 
-$= C 
where u) = qB, and q is  
C 
The Bri l loi l in  thickness 
t o t a l  ve loc i ty  s l i p  by: 
the charge t o  mass r a t i o  for-an electron.  
of the beam, 
cnr " c u t  
X c o  
A t  the same time, the charge densi ty  
and is given by: 
where p is the  
E is  the 
0 
Set t ing  the dc 
where A i s  the 
2 
P V o B  
charge density 
" 1 
is  then re la ted  t o  the 
throughout the beam i s  constant 
( 2 3 )  
. 33 :. permi t t iv i ty  of f r e e  space 
beam current equal to: 
3 - WxA (24) 
cross-sect ional  area of the beam, we can obtain an 
expression r e l a t ing  the ve loc i ty  s l i p  t o  the dc parameters of the 
beam. 
thickness of the beam and expressing the ve loc i ty  a t  the midplane 
" h i s  is  done by integrat ing the above equation across the 
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FIGURE 36 SKETCH OF COORDINATES AND DlMENSIONS 
OF A CONVENTIONAL INJECTED BEAM 
USED IN STUDY 
The velocity, v , is the beam mid-plane velocfty which is made 
rynchronous witg the circuit wave velocity. 
. -r 
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of the beam in  terms of a voltage which i s  normally made synchronous 
with the c i r c u i t  wave ve loc i ty .  
current,  magnetic f i e ld ,  synchronous voltage, beam width, and ve loc i ty  
s l i p  given by: 
W e  thus have an expression between 
where h i s  the beamwidth 
v i s  the midplane x veloc i ty  
Av i s  the ve loc i ty  difference between the  top and bottom 
I f  we know I, h, Vo, and B, we can thus f ind the ve loc i ty  s l i p  from 
equation (25) and the beam thickness from equation (22). 
0 
edge of the beam 
The above equations do not hold i n  the a x i a l  in jec t ion  case 
because there  a r e  addi t iona l  ve loc i ty  components i n  the z di rec t ion .  
We have, therefore,  rederived the conditions f o r  laminar flow f o r  
the a x i a l  in jec t ion  case. Before turning t o  a consideration of 
these r c su l t s ,  i t  is  of i n t e r e s t  t o  examine what happens i n  the 
space charge f r ee  case. W e  w i l l  need these r e s u l t s  l a t e r  when d i s -  
cussing some of our space charge f r ee  t r a j ec to ry  t racing s t u d i e s  
using the d i g i t a l  computer. I n  the absence of space charge, the con- 
vent ional  injected beam sketched i n  Figure 35 t r ave l s  i n  the x di rec-  
t i o n  with a ve loc i ty  equal t o  the r a t i o  of the dc e l e c t r i c  t o  the 
magnetic f i e l d .  The case of the a x l a l  in jec t ion  beam without space 
charge is  considered i n  Appendix V I  of Reference 7. The system 
s t u d i e d  there  appears s imi la r  t o  tha t  sketched i n  Figure 36 i n  the 
x-y plane and appears a s  sketched i n  Figure 37 i n  the y-7. plane. 
The resu l t s  show tha t  the x directed ve loc i ty  is given by the E /B  
r a t i o  j u s t  a s  i s  the case i n  the conventional injected beam without 
a x i a l  ve loc i t i e s .  However, i n  the a x i a l  in jec t ion  case, there i s  an 
addi t iona l  ve loc i ty  s l i p  i n  the 7 d i rec t ion  which is given by: 
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where AV i s  the difference i n  the voltage associated with the 
z 
z ve loc i t i e s  a t  the top and bottom o f .  t he  beam 
'E i s  the  dc e l e c t r i c  f i e l d  i n  the in te rac t ion  space 
Y 
tk i s  the  v e r t i c a l  Projection of the cathode as shown i n  
, -  Figure 36. 
The difference in  the voltage associated with the z directed 
ve loc i ty  i s  thus shown to be re la ted  to  the e l e c t r i c  f i e l d  s t rength 
in  the in te rac t ion  space and t o  the v e r t i c a l  project ion of the 
cathode, t 
derived since it r e l a t e s  a property of the beam i n  the in te rac t ion  
space ( t h e  a x i a l  ve loc i ty  s l i p )  t o  a pa r t i cu la r  property of the cath- 
ode ( i t s  v e r t i c a l  project ion) ,  without regard to  the nature of thb 
gun f ielcis and the t r a n s i t i o n  region between the cathode and the 
in te rac t  ion space. 
a r e  simply tha t  the beam be laminar. 
This r e s u l t  was r a the r  surpr is ing to  us when f i r s t  
k' 
The r e s t r i c t i o n s  under which t h i s  equation holds 
I n  Appendix V I 1  of Reference 7 we have expanded the deriva- 
t i o n  to  include the e f f e c t s  of space charge. The r e s u l t s  a r e  a com- 
pos i te  of the a x i a l  in jec t ion  propert ies  derived i n  Appendix V I  
of Reference 4 and the propert ies  of the conventional injected beam 
Br i l lou in  flow. Specif ical ly ,  we f ind the following. 
1. The beam thickness is increased by t otter the Br i l lou in  beam 
thickness fo r  a conventional in jec te8  beam. 
thickness is thus given by ( to + t ) where t 
equations ( 2 5 )  and ( 2 3 ) ,  
The t o t a l  beam 
is  obtained from k 0 
2. The x directed ve loc i ty  s l i p  is re la ted  t o  the beam parameters 
j u s t  a s  i s  the case fo r  a conventional injected beam and may 
thus be calculated from equation (26). 
3. The a x i a l  ve loc i ty  s l i p  is  given by the same expression a s  
appl ies  f o r  the a x i a l  in jec t ion  system in  the absence of space 
96 
charge - i. e., by equation ( 26) . 
is tha t  the value of E t o  be employed i s  now tha t  a t  the 
center layer of the bexm. 
ness and the a x i a l  v e l o c i t i e s  a re  re la ted  t o  the v e r t i c a l  
project ion of the cathode. 
to  the case of laminar flow i n  the beam. The exact expression 
fo r  the change in  V i n  the t r ans i t i on  region may now be seen 
t o  be the derivative'of the expression i n  equation (26) which 
holds fo r  the general case, and is  thus expression (21) with 
the v e r t i c a l  project ion of the cathode, t used in  place of t .  
The only mod i f  i ca t  ion here 
Again we see tha t  the beam thick- 
These conclusions a re  r e s t r i c t ed  
k' 
These expressions show tha t  there is a fundamental l i m i t  on 
how small we  can make the a x i a l  ve loc i ty  s l i p  f o r  a given in te rac t ion  
space design and tha t  t h i s  l i m i t  depends simply on the v e r t i c a l  pro- 
j ec t  ion of the cathode. 
Another important equation used i n  studying the a x i a l  in- 
jec t ion  system may be derived by integrat ing the equation fo r  the x 
directed force.  The f ac t  tha t  E i s  zero for  the ax ia l  inject ion 
system permits t h i s  integrat ion t o  be carr ied out d i rec t ly .  This 
s i t ua t ion  is analogous t o  the der ivat ion of Busch's theorem i n  0-type 
beams and we have indeed cal led the r e s u l t  Busch's theorem fo r  the 
a x i a l  injectcon beam. This integrat ion is  carr ied out i n  Appendix 
V I 1 1  of Reference 4. The r e s u l t  is: 
X 
where y i s  the y coordinate value a t  which-a t ra jec tpry  leaves the 
cathode. k 
This equation r e l a t e s  the posi t ion of any t ra jec tory  i n  the in te r -  
ac t ion  space t o  the magnetic f i e l d  and t o  the cathode posit ion.  The 
desired beam posi t ion in  the in te rac t ion  space i s  normally deter-  
mined by the RF design. 
the posi t ion of the cathode with respect t o  the anode and the sole.  
As shown in  Appendix V I 1 1  of Reference 7, t h i s  expression can then 
Equation (27) is then employed t o  determine 
be employed t o  derive an expression fo r  the sole  voltage corresponding 
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t o  a given value of t he . ax ia l  ve loc i ty  of the bottom beam edge. 
equation is: 
This 
V 
where Vs i s  the sole  t o  cathode voltage 
is the dis tance from the so l e  to  the edge of the cathode 
yk- facing the in te rac t ion  space . . ' .. 
The remainder of the var iab les  a re  as defined above. 
The sole  voltage fo r  which the bottom edge of the beam i s  
j u s t  turned around and we reach the knee of the curve sketched i n  
Figure 29 is  obtained by solving equation (28) with V s e t  equal 
t o  7ero. When using the above equations, the x v e l o c i t i e s  may be 
obtained from the assumed synchronous ve loc i ty  and the ve loc i ty  s l i p  
acrass  the beam a s  expressed by equation (25). 
7.- 
A complete s e t  of equations t o  describe the dc beam i n  
the in te rac t ion  space has now been derived. These equations a r e  
summarized i n  Figure 38. 
synchronous voltage, magnetic f i e ld ,  beam width, anode t o  sole  
spacing, cathode spacing, the v e r t i c a l  project ion of the cathode 
a r e  assumed a s  independent var iables .  The equations then ca lcu la te  
the locat ion of the beam i n  the in te rac t ion  space, the beam thickness, 
the x and 7 v e l o c i t i e s  a t  the top and the bottom of the beam, and 
the cathode and sole  voltage.  These equations have been programmed 
fo r  the time share computer and typ ica l  r e s u l t s  w i l l  be presented 
in  a l a t e r  sect ion.  
The equations a r e  wr i t ten  so tha t  current,  
5.2.5 Dig i t a l  Computer Studies of Axial In j ec t ion  Flow 
While the equations developed in  the above sect ions t e l l  
us  some in te res t ing  general propert ies  about beams, they a re  r e s t r i c -  
ted t o  laminar beams and do not consider the e f f e c t s  of t r a j ec to ry  
crossings i n  the beam. They a l s o  do not t e l l  us anything about how 
to  design the t r a n s i t i o n  region to  minimize cyclotding of the beam 
Velocity s l i p  1 
0 0  
Circu i t  
Cathode 
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2 
vX 
4 
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+ -  
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+ + va 
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FIGURE 38 dc BEAM EQUATIONS SUMMARIZED 
. 
(Quant i t ies  as defined i n  Figures 
36 and 37) 
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i n  the in te rac t ion  space. Thus, fo r  the design of a x i a l  in jec t ion  
guns, we turn t o  the use of d i g i t a l  computer techniques. The 
computer program used i n  these s tud ies  t races  a x i a l  in jec t ion  t r a -  
j e c t o r i e s  i n  the absence of space charge. A program including 
space charge would, of course, be more des i rab le  and has been under 
preparation a s  par t  of t h i s  study, However, a t  the t i m e  of wri t ing 
t h i s  report ,  it was not ready fo r  use. W e  can, however, determine 
a grea t  deal  of u s e f u l  information from in t e l l i gen t  use of the space 
charge f r ee  t r a j ec to ry  t racing program. 
The computer program derived f o r  a x i a l  i n j ec t  ion t r a j ec to ry  
t racing assumes the cross  sec t ion  of the system t o  remain constant 
a s  a function of the x d i rec t ion .  
i n  two-dimensional coordinates - the y and z dimensions. This i s  
done by re laxa t ion  techniques using a 100 by 240 matrix (correspond- 
ing to  y and 7 dimensions respect ively) .  
voltages,  along with i n i t i a l  t r a j ec to ry  pos i t ions  and v e l o c i t i e s  a re  
read iv.to the program. 
the voltages g t  a l l  of the matrix points .  
Laplace's equation i s  thus solved 
Electrode boundaries and 
Laplace's equation is  then solved t o  f ind 
Tra jec tor ies  are then 
trace6 through the system using three dimensional force equations 
and the t r a j ec to ry  information i s  pr inted out. A second matrix 
is used i n  the program t o  s to re  the "error  voltages" which a re  re- 
la ted t o  the voltage differences a t  each matrix point on successive 
i t e r a t i o n s  through the matrix in  the so lu t ion  of Laplace's equation. 
This e r r o r  voltage matrix may be employed t o  determine regions i n  
the matrix where convergence i s  poot. Sometimes, convergence may be 
speeded up by making appropriate i n i t i a l  estimates of the voltages 
i n  the system and feeding them in to  the matrix. I n  versions t if-the 
program employing space charge, the second matrix i s  also used t o  
s t o r e  space charge dens i t i e s .  The f u l l  program with the two matria 
c i e s  requires  about 400,000 bytes of storage on an IBM System 360 
computer. It solves most systems we have investigated i n  a few 
100 
minutes of runnjizg time on an IBM 360/65. 
a s  wel l  a s  the two voltage matrices a re  printed out by the computer. 
The technique for  the solut ion of Laplace's equation employed is  
taken from previous work by Boers (Ref. 15). 
Trajectory information 
Some par t icu lar  a t t en t ion  t o  i n i t i a l  conditions fo r  the 
t r a j ec to r i e s  is  required when we attempt t o  obtain useful information 
employing the space charge f r ee  t ra jec tory  t racing program. W e  a r e  
attempting t o  use information avai lable  on the t r a j ec to r i e s  calcu- 
la ted from the Kino conditions a t  the ex i t  of the in te rac t ion  space 
a s  input conditions t o  the computer program. We then t race t r a j ec -  
t o r i e s  through the t r ans i t i on  region and into the main interact ion 
space. I f  we use the exact Kino e x i t  plane parameters a s  input 
ve loc i t i e s  t o  the space charge f r ee  t ra jec tory  t racing routine, we 
would encounter some problems. I n  the Kino gun region, the forces 
a r e  balanced so tha t  the t r a j e c t o r i e s  a r e  not cycloiding in  the 
x di rec t ion .  
the forces would not be properly balanced and cycloiding of the 
trajectories.would occur. 
a x i a l  s i t ua t ion  using the space charge f r ee  program, we employ some 
of the concepts developed in  the above sect ion for  the laminar 
beam. 
i n  the beam is  not affected by the presence of space charge and 
depends only on the v e r t i c a l  project ion of the cathode. 
i n  the space charge f ree  simulations, we  use the 7. directed ve loc i t i e s  
fo r  the t r a j ec to r i e s  which a r e  determined from the Kino equations 
(including ro t a t ion  of the coordinates a t  the e x i t  of the Kino gun 
region).  
ve loc i ty  using the ac tua l  electrode spacings and voltages.  
9 and x ve loc i t i e s  (y  ve loc i ty  is ord inar i ly  negl igible) ,  we calcu- 
l a t e  the poten t ia l  f o r  each t ra jec tory  and reposi t ion the s t a r t i n g  
point of the t r a j ec to ry  for  the space charge f r ee  simulation a t  the 
I f  we used the same ve loc i t i e s  without space charge, 
To obtain a b e t t e r  approximation t o  the 
We have shown i n  Section 5.2.4 t ha t  the a x i a l  ve loc i ty  s l i p  
Therefore, 
For the x directed ve loc i t ies ,  we then employ the E / B  
From the 
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correct  po ten t ia l .  
input v e l o c i t i e s  i n  the 2: d i rec t ion  are the same as would be obtained 
employing space charge. 
I n  our i n i t i a l  attempts t o  employ the program f o r  the design 
of X-band guns, we ran in to  e f f e c t s  which were o r ig ina l ly  not a n t i c i -  
pated. It appeared tha t  our beam w a s  being trapped i n  the gun even 
though equation (28) indicated tha t  the beam should be ab le  to  get 
in to  the in te rac t ion  space and the a x i a l  ve loc i ty  of the bottom beam 
Forces i n  the x d i r ec t ion  a re  now balanced and 
edge should have been la rger  than zero by a comfortable margin. 
more de ta i led  ana lys i s  of the voltage matrix pr inted out by the com- 
A 
puter showed tha t  the reason this w a s  occurring was tha t  a po ten t i a l  
b a r r i e r  exis ted between the e x i t  of the gun- and the in te rac t ion  
space, and tha t  e lec t rons  were re f lec ted  in to  the gun a t  t h i s  b a r r i e r .  
Equation (28) gives information about the v e l o c i t i e s  i n  the in t e r -  
a c t  ion space without de ta i led  considerat  ion 6f the  f i e l d s  between 
the cathode and the in te rac t ion  space. Implici t  i n  the use of the 
equation, however, i s  the assumption tha t  the t r a j e c t o r i e s  a re  cap- 
ab le  of ge t t i ng - in to  the in te rac t ion  space - i .e. ,  t ha t  there a r e  no 
po ten t i a l  b a r r i e r s  between the cathode and the in te rac t ion  space 
which r e tu rn  the e lec t rons  t o  the cathode region. It thus became 
c l ea r  t h a t  another use of the computer program would have t o  be the 
el iminat ion of such po ten t i a l  ba r r i e r s .  
we added a fea ture  t o  the program through which the 7: component of 
the e l e c t r i c  f i e l d  i s  integrated t o  give the voltage V associated 
with the z veloc i ty .  This information is  pr inted out fo r  each t r a -  
jec tory  point.  When t h i s  was done, i t  was found tha t  i t  was possible 
t o  obta in  a re la t ionship  between V, and z a s  shown in  Figure 39. 
The curve is sketched here  f o r  several  values of so le  voltage.  Be-  
cause of a po ten t i a l  b a r r i e r  between the Kino gun e x i t  region and 
the in te rac t ion  space, there  i s  a minimum i n  the V voltage.  When, 
through adjustment of t h i s  so le  t o  cathode voltage,  t h i s  minimum 
To invest igate  this e f f ec t ,  
2 
z 
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Kino reg ion  I - .  Trans i t ion  region I n t e r a c t i o n  I space 
FIGURE 39 SKETCH OF v, AS A NNCTION OF FOR FOUR VALUES- OF SOLE 
T O  CATHODE VOLTAGE- 
For t h e  s o l e  t o  cathode vol tage,  V 
a t  21. For a vol tage  of Va2, t h e  84* t r a j ec to r i e s  a r e  j u s t  ab le  t o  g e t  
past the  p o t e n t i a l  minimum a t  z2 and en te r  t h e  i n t e r a c t i o n  space. 
Between z2 and the  i n t e r a c t i o n  space, they are accelerated i n  the z 
d i r e c t i o n  through a - p o t e n t i a l ,  V i .  
t h e  a x i a l  v e l o c i t y  of the  first e lec t rons  
i n t e r a c t i o n  space i s  thus Vi. 
t h e  e l ec t rons  are turned around 
As the  s o l e  vol tage i s  decreased 
permitted t o  e n t e r  the 
. ..- 
. 103 
is  made tangent with Tero voltage, the bottom edge t r a j e c t o r i e s  a r e  
turned around and re f lec ted  in to  the gun. 
i s  made a l i t t l e  less negative so tha t  the t r a j e c t o r i e s  a re  not 
turned around, the a x i a l  ve loc i ty  i n  the in te rac t ion  space suddenly 
jumps t o  a f i n i t e  value indicated by V i n  Figure 39. To make 
equation (28) val id ,  it is necessary t o  eliminate the minimum curves 
such a s  shown i n  Figure 38. This must be done through t r i a l  and 
e r ro r  using the computer program t o  evaluate various t r i a l  designs. 
As the  so le  voltage 
i 
5:2;6 The F ina l  Gun Design 
Table I11 summariEes the Kino region parameters of the gun 
design. Table I V  summari7es the in te rac t ion  region parameters. 
Figure 40 shows the electrode cross-section i n  the gun and through 
the t r a n s i t i o n  region in to  the  in te rac t ion  space. The t r a n s i t i o n  
region has been designed by successive approximations using the 
d i g i t a l  computer and the a x i a l  in jec t ion  t r a j ec to ry  t rac ing  computer 
program, As may be seen i n  Figure 40, the  f i n a l  design incorporates 
a taFzr i n  the anode t o  so le  spacing i n  the t r a n s i t i o n  region be- 
tween the Kino gun and the in te rac t ion  space. 
increases the y-directed e l e c t r i c  f i e l d  s t rength  and thus the 
e lec t ron  ve loc i ty  i n  the x d i r ec t ion  (d i r ec t ion  of wave propagation). 
As a r e s u l t  of the taper, the t r a j ec to ry  en te r s  the in te rac t ion  
space smoothly and with a minimum of cycloiding. The r a t i o  of the 
maximum voltage of the top of a cycloid t o  the average voltage of 
the e lec t ron  i s  1.10. This i s  the K f ac to r  of equation (5) which 
en ters  i n to  the e f f ic iency  ca lcu la t ion .  Without the taper t h i s  
r a t i o  would have been a t  least 1.5. 
This taper  gradually 
Figure 41 shows the voltage V discussed i n  the previous z 
sec t ion  a s  a function of z. It is  seen tha t  the  curve i s  smooth and 
has only a small d ip  between the gun and the in te rac t ion  space. 
This means tha t  there  are no s igni f icant  po ten t i a l  t r aps  between 
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the gun and the in te rac t ion  space and the equations of sect ion 
5.2.4 a r e  va l id .  A number of i t e r a t ions  were needed using the 
d i g i t a l  computer t o  reach t h i s  point. 
region taper i s  not c r i t i c a l  with respect t o  minimizing the cycloid- 
ing but i t  is  qui te  c r i t i c a l  with respect t o  the avoidance of po- 
t e n t i a l  t raps  i n  the V versus z curve. 
The shape of the t r ans i t i on  
7. 
Table V gives a summary of the r e s u l t s  oFtained from the 
gun t ra jec tory  calculat ion.  
A s imilar  gun but without the taper has been used success- 
f u l l y  on other  programs dfi operating tubes. Figure 42 shows the 
t r a j e c t o r i e s  i n  t h i s  case. 
maximum t o  average energy of about 1.5. because of the more abrupt 
in jec t ion  into the in te rac t ion  space. With the V/Vo r a t i o  employed 
the cycloiding would reduce the eff ic iency by about f ive  percentage 
points.  
5.3 The Reflector Design 
The beam cycloids w i t h  a r a t i o  of 
Figure 43 shows the shape of a typ ica l  r e f l ec to r  such a s  
was employed on t h i s  program. 
hat  physically connected t o  the sole.  
of the r e f l ec to r  a r e  sketched in  Figure 43. 
e l e c t r i c  f i e l d  in  the y d i rec t ion  in  Figure 43 is d i f fe ren t  i n  the 
r e f l ec to r  region than it  i s  i n  the main in te rac t ion  space. Typical 
e lectron t r a j ec to r i e s  a r e  a l s o  sketched in  Figure 43. 
The r e f l ec to r  is essen t i a l ly  an end 
Eguipotentials i n  the v i c i n i t y  
It can be seen tha t  the 
These were 
obtained using the d i g i t a l  computer program for  a x i a l  in jec t ion  flow. 
Considerable thought has been given t o  the design of these 
ref  lec tor  electrodes.  Analysis of previous side ref  lector  designs 
using the computer program has uncovered two possible problems. F i r s t  
a side re f  lector  can introduce unwanted electron cycloiding and 
second a f t e r  r e f l ec t ion  an e lec t ron  can be advanced or  retarded in  
phase r e l a t ive  t o  the RF wave. The phase s h i f t  occurs because i n  
the process of being re f lec ted  an electron spends some time i n  a 
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TABLE V 
SUMMARY OF RESULTS OF TRAJECTORY TRACING CALCULATIONS 
FOR S-BAND GUN OF FIGURE 40 
Values in Interaction Space 
Cathode to sole voltage 
Cathode to anode voltage 
vmax/v0 - top trajectory 
- bottom trajectory VmadVo 
vz (top> 
V (bottom) 
z 
-5232 volts 
8769 volts 
1.08 
1.10 
784 volts 
454 volts 
330 volts 
E~ = 130 volts/mil (51,000 volts/cm) 
tk = 0.0036 in. (0.0915 cm) 
AVz = Eytk from laminar beam theory = 466 volts 
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region of Ey f i e l d  d i f fe ren t  from tha t  i n  the main in te rac t ion  space. 
The ve loc i ty  in  the x d i rec t ion  i n  Figure 43, which is the d i rec t ion  
of propagation of the FU? wave, i s  equal t o  the r a t i o  of Ey t o  the 
magnetic f i e l d  B. I n  the r e f l ec t ion  process, an electron thus 
t rave ls  through a region in  the v i c i n i t y  of the re f lec tor ,  where 
the Ey f i e l d  and consequently the x ve loc i ty  i s  d i f fe reg t  tFan  it  
i s  i n  the main interact ion space. Because of th i s ,  a ref lected 
electron undergoes a phase s h i f t  r e l a t i v e  t o  the wave. Depending on 
the design of the r e f l ec to r  region and the level  between the sole  
and the anode a t  which an electron i s  incident on the col lector ,  t h i s  
phase s h i f t  may represent e i t h e r  an advance o r  re tardat ion of the 
electrons with respect t o  the wave. Since electrons a t  the top and 
the bottom of the beam have d i f f e ren t  a x i a l  ve loc i t i e s  and thus 
undergo a d i f fe ren t  number of ref  lect ions during t h e i r  t r a n s i t  from 
gun t o  col lector ,  the phase s h i f t  introduced by the re f lec t ions  from 
the s ide can have a s ign i f icant  e f f ec t  on the RF bunching process. 
The p o s s i b i l i t y  of a phase s h i f t  between electrons and 
wave during the r e f l ec t ion  process was f i r s t  ra ised by M r .  Pe te r  
Ramins of NASA i n  June of 1969 wYth reference t o  the UHF tube then 
being investigated.  For the par t icu lar  parameters of t h i s  tube it 
d i d  not a t  the t i ne  appear t o  be of significance.  When i n i t i a l  
resul ts  were obtained on the RADC tube, i t  was found tha t  while the 
e f f ic iency  was about a s  predicted, the large s igna l  gain was lower 
thtin predicted. In  the process of i nves t iga t ing th i s  e f fec t  on the 
present NASA program (s ince  it had implications fo r  our design) we 
investigated the r e f l ec t ion  phase s h i f t  using the a x i a l  in jec t ion  
computer program. 
s tage.  
determined from the computer calculated t r a j ec to r i e s  for  the design 
Figure 43 a l so  shows the r e f l ec to r  design a t  t h i s  
Figure 44 shows the r e f l ec to r  phase s h i f t  charac te r i s t ics  
of both Figure 42 and Figure 43. 
l i t t l e  phase s h i f t  fo r  e lectrons incident on the r e f l ec to r  a t  the 
The o r ig ina l  design had r e l a t ive ly  
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Sole Posit ion Anode 
Percentage of Distance from Sole to Anode 
FIGURE 44 PHASE SHIFT OF REFLECTED ELECTRON TRAJECTORY REIATIVE TO IU? 
WAVE AS A FUNCTION OF LEVEL OF INCIDENCE OF TRAJECTORY BETWEEN 
SOLE AND ANODE 
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or ignina l  beam level  and a phase advance fo r  e lectrons incident on 
the co l lec tor  near the anode level.  
Once we real ized the r e f l ec to r  phase s h i f t s  could be h p o r -  
tant ,  we modified the large s ignal  computer program t o  include 
these phase s h i f t s .  Calculations of the o r ig ina l  design showed an 
e f f ec t  on gain but a much smaller e f f ec t  on power output and e f -  
f iciency. This i s  evidently the case because of the influence of 
the RF phase focusing forces in  rephasing the electrons a f t e r  the 
phase s h i f t .  The ref  lector  cha rac t e r i s t i c s  thus appeared t o  explain 
the discrepancies we saw between the RADC tube performance and the 
large s igna 1 computat ions. 
A problem we had encountered with the RADC tube was a very 
non-linear dyr,amic range cha rac t e r i s t i c  as a consequence of the  
space charge contribution t o  the small s igna l  gain. It i s  known tha t  
the large values of small s igna l  gain can be reduced by non-unifor- 
m i t i e s  i n  the in te rac t ion  space design which have a r e l a t ive ly  small 
e f f ec t  on the large s igna l  in te rac t ion  because of the stronglbhsse 
focusing forces. We thus reasoned tha t  a r e f l ec to r  cha rac t e r i s t i c  
a s  shown for  the new design i n  Figrtre 43 oould be used t o  l inesr iTe 
the dynamic range. Under small s igna l  conditions the electrons 
incident on the r e f l ec to r  a t  the o r ig ina l  beam leve l  undergo a phase 
s h i f t  which reduces the small s igna l  gain. Under large s igna l  con- 
d i t ions  the phase focusing forces reduce the effect iveness  of t h i s  
phase s h i f t ,  and i n  addition, a s  e lectrons move toward the anode the 
phase s h i f t  i s  reduced. This r e f l ec to r  design was chosen fo r  use 
on t h i s  program and was a l so  employed i n  a subsequent RADC tube. 
Results on the RADC tube showed subs tan t ia l ly  improved l i nea r i ty  
(Ref. 5).  
The r e f l ec to r  design of Figure 42 has been arrived a t  
through a number of i t e r a t ions  using the a x i a l  in jec t ion  t ra jec tory  
t racing program. A s  may be seen from f igure 42, nearly a l l  of the 
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electrons are re f lec ted  with very l i t t l e  cycloiding. 
e lectrons very close t o  the anode is cycloiding introduced. Since 
electrons i n  t h i s  region have a very high ve loc i ty  toward the anode, 
only a small amount of current w i l l  be incident on the r e f l ec to r  
a t  these levels.  To obtain the desired phase s h i f t  charac te r i s t ic ,  
the notch i n  the sole  pr ior  t o  the r e f l ec to r  was  found t o  be neces- 
sary. 
Only for  those 
5.4 The Collector Design 
Figure 45 shows a sketch of the co l lec tor  design employed 
on t h i s  program. There are four separate co l lec tor  elements located 
on the anode s ide of the in te rac t ion  space. The co l lec tor  elements 
a re  conduction cooled through be ry l l i a  supported ceramics t o  the l iquid 
cooled body of the tube. 
co l lec tor  element is  adjacent t o  the delay l i n e  and the cathode 
poten t ia l  co l lec tor  element is a t  the end of the tube. The spent 
e lec t ron  beam i s  d is t r ibu ted  i n  space across  the in te rac t ion  space, 
with the highest  po ten t ia l  e lectrons located close t o  the anode. The 
highest pot,ential e lectrons a r e  diverted in to  the channel adjacent t o  
the anode. 
into the channel between the f i r s t  aad second collectors,  as shown in  
Figure 45. Figure 49 shows typica l  t r a j e c t o r i e s  i n  the region of a 
s ingle  branching chamel, as determined by d i g i t a l  computer t r a j ec -  
tory t racing techniques. Studies of t h i s  s o r t  have shown tha t  the 
exact shape of the branching channels i s  not c r i t i c a l  and the voltages 
applied t o  the co l lec tors  a r e  not cr i t ical .  
spent beam occurs i n  accordance with the poten t ia l  d i s t r ibu t ion  on 
As shown in  Figure 45, the highest voltage 
The next highest po ten t ia l  group of e lectrons a r e  diverted 
Distr ibut ion of the 
the co l lec tor  elements, with those electrons a t  a higher poten t ia l  
than a given co l lec tor  element being diverted into the branching 
channel. 
on the col lectors .  
multiple element co l lec tor  and makes it  possible 
It is thus possible f o r  us t o  employ unregulated'voltages 
This grea t ly  s implif ies  the power supply for  the 
L Interaction Space Taper 
FIGURE 45 SKETCH OF pRgSXN!C COLwgCTOR STRUCTURE 
Unfavorably phared electrons are collected as cathode 
potential collector far end remote from heat rink. 
Collection is assured at this point because of reduced 
collector to role rpacing. 
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fo r  us t o  derive the voltages from an unregulated tapped power 
supply. 
learned tha t  t h i s  i s  feas ib le  without degrading the power supply 
From our discussions with power supply designers we have 
eff ic iency and with a r e l a t ive ly  small increase i n  the power supply 
s iye a s  compared t o  a s ingle  voltage power supply. 
Once the electrons i n  the beam have been diverted in to  the 
co l lec tor  channels, co l lec t ion  of the electrons i s  obtained on the 
higher poten t ia l  surface of the branching channel through a gradual 
reduction of the magnetic f i e l d  as the branching channel moves away 
from the in te rac t ion  space. By adjust ing the r a t e  of magnetic f i e l d  
decay we can ad jus t  the d iss ipa t ion  densi ty  of the electrons on the 
co l lec tor  surface. The width, w, i n  Figure 45, and the length of 
the co l lec tor  channel, 1, may be determined a r b i t r a r i l y  from power 
d iss ipa t ion  considerations and they a re  not c r i t i c a l l y  re la ted 
to  the RF performance of the tube. This permits us t o  design a 
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col lec tor  which is adequate fo r  the powers which would be required 
i n  various appl icat ions.  
It should be noted tha t  co l lec t ion  of e lectrons occurs on 
surfaces a t  which the dc f i e l d  gradient suppresses the emission of 
secondary electrons.  Because the electron flow i n  a croseed-field 
device i s  unidirect ional ,  and because the co l lec tor  is a t  the end 
of the tube i n  the present design, no secondary electrons (even i f  
a few a r e  generated near the corners of the co l lec tor  elements) can 
re turn  t o  the main in te rac t ion  space. 
5.5 
5.5.1 Preliminary Design Studies 
In te rac t ion  and Lakge SiEnal Studies 
To a ce r t a in  extent, the design of the high power tube has 
been made around the capab i l i t i e s  of a delay l i n e  which has the re- 
quired thermal propert ies  and which we have demonstrated can be 
s a t i s f a c t o r i l y  fabr icated.  Charac te r i s t ics  of t h i s  l ine  were pre- 
sented i n  Section 5.1 and a re  summari-ed i n  Table V I .  Using the 
value of synchronous voltage chosen, designs can be constructed 
having a number of d i f f e ren t  voltages and currents .  Increasing the 
anode t o  cathode voltage increases the V/V 
the electronic  eff ic iency,  of the CFA which is  given by: 
r a t i o  and thus improves 
0 
V 
E = 100% (1 - k f ) 
where E i s  the eff ic iency 
V i s  the  synchronous beam voltage 
V i s  the cathode t o  anode voltage 
0 
k i s  a fac tor  which depends on the  degree of bcam,focusing. 
k var ies  from 1.0 for  a perfec t ly  focused beam.to 
4.0 for  f u l l  cycloiding. 
This e f f ic iency  is a measure of the eff ic iency of energy 
conversions from dc t o  RF for  those electrons which s t r i k e  the delay 
l ine.  The energy which is converted t o  RF must, however, flow 
through the f i n i t e  a t ten tua t ion  of the delay l ine  to  the output. 
This r e s u l t s  i n  an eff ic iency degradation which is  sometimes expres- 
sed by multiplying the above ef f ic iency  by a c i r c u i t  eff ic iency.  I n  
addition, there is  a fur ther  e f f ic iency  degradation due t o  the un- 
favorably phased current which i s  collected e i t h e r  on a s ide co l lec tor  
o r  on an end co l lec tor .  Increasing the V/Vo r a t i o  improves e lec t ronic  
efficiency, but i t  requires  an increase i n  the magnetic f i e l d  which 
reduces the gain per uni t  length of the tube and therefore reduces 
the c i r c u i t  eff ic iency.  An optimum compromise is  usually obtained 
when the e lec t ronic  and c i r c u i t  e f f i c i enc ie s  r e s u l t  i n  about equal 
power d iss ipa t ions  due t o  current intercept ion on the delay l i n e  and 
at tenuat ion on the delay l ine.  Computer s tudies  of the large s igna l  
behavior have indicated tha t  a V/Vo r a t i o  of about ten i s  close t o  
optimum fo r  t h i s  tube. This gives us a cathode voltage of LO kv. 
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TABLE VI 
DELAY LINE PARAMETERS 
Line pitch = 0.048 in. (0.122 cm) 
Line width = 0.90 in. (1.370 cm) 
Frequency 3.0 3.85 
Characteristic impedance 65 65 
Interaction impedance 50 37.5 
Phase shift per section 63 90 
1.10 1.57 
Synchronous voltage 1241 1002 
Attenuation 0.50 0.57 
0.20 0.22 
4.80 
65 
25.0 
120.0 
2-09 
876 
0.65 
0.25 
GHz 
ohms 
ohms 
degrees 
radians 
vo 1 t s 
db/in. 
db/cm 
Because some of the current w i l l  r ec i rcu la te  to  co l lec tor  electrodes 
e i the r  a t  o r  near cathode potent ia l ,  we require  a cathode current 
somewhat higher than the t o t a l  beam power divided by the anode t o  
cathode voltage. We have made an i n i t i a l  estimate tha t  approximately 
1.2 amp of cathode current w i l l  be required. 
A s  a next s t ep  in  the design, we must choose the distance 
of the beam from the delay l ine  and thus the gain per un i t  length 
and the t o t a l  length of the c i r c u i t .  Placing the beam very close 
t o  the l ine  r e s u l t s  i n  a very high gain per un i t  length, but a l s o  
requires a high magnetic f i e l d  which complicates the gun design and, 
because the gain is  obtained i n  a short  physical length, r e s u l t s  i n  
r e l a t ive ly  high power d iss ipa t ion  dens i t ies .  
from the l ine  lowers the magnetic f i e l d  and lowers the power d i s s i -  
pation dens i t ies  while increasing the l i ne  length. This tends t o  
decrease the c i r c u i t  e f f ic iency  and results i n  a greater  diss ipat ion 
of power a s  a r e s u l t  of c i r c u i t  a t tenuat ion.  
Moving the beam away 
A fur ther  consideration is the poss ib i l i t y  of a cyclotron 
in te rac t ion  when the tube is operated near a f i e l d  of 275C gauss 
( .27w/m ). 
the edge of the meander l i ne  a r e  exposed t o  the same phase of the 
RF voltage once each cyclotron period. 
2 A t  t h i s  f i e l d  value, e lectrons crossing the vanes near 
Operating a t  t h i s  magnetic 
f i e l d  could r e s u l t  i n  a cumulative cyclotron type of interact ion 
which would increase o r  "pump up" the cycloiding motion of the 
electrons.  Increased cycloiding would, i n  turn, r e s u l t  i n  reduced 
ef f ic iency  of operation. 
shown c l ea r  evidence of a problem a t  t h i s  f i e l d  value, so the e f f ec t  
on eff ic iency i s  not a major one. Nevertheless, i t  appears t o  be 
desirable  for  us t o  s t ay  away from t h i s  pa r t i cu la r  f i e l d  value by 
a t  Least 10%. 
Experience on the RADC program has not 
Two designs 'have been investigated - a low f i e l d  and a high 
f i e l d  design. The parameters for  these two designs a re  summari7ed 
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i n  Table VII. 
been calculated from the r e l a t ions  summariTed i n  sect ion 3.2 and a r e  
shown i n  Figure 46. 
e s sen t i a l ly  constant over 200 MH7 and the 3 db bandwidth should be 
The operating voltages a s  a function of frequency have 
A t  fixed voltage the output power should be 
about 1000 MH7 w i d e .  The nominal beam spacing for  the low and high 
f i e ld  designs is 0.042 and 0.048 inch (0.1065 and 0.122 cm) 
respectively.  Calculations on the gun show tha t  the same design 
can accommodate e i t h e r  f i e l d  value and beam spacing without the 
introduction of excessive cycloiding. 
Now we turn t o  some f i r s t  order estimates of the gain of 
4 
the  tube using an approximate theory, This theory serves only 
a s  a preliminary design tool .  An approximate equation for  the high 
level  gain i s  obtained by calculat ing the gain, G, neglecting space 
charge. When we do this ,  we obtain: 
G = -6 - a! + 54.8 DN 
2 
db 
where D i s  the galn parameter 
N i s  the  number of slow wave lengths on the  c i r c u i t  
a i s  the  c i r c u i t  a t tenuat ion 
:,!$..e2 :- 
The ac tua l  large s igna l  gain is usually s l i g h t l y  higher than tha t  
given by t h i s  equation because of space charge e f f ec t s .  The gain 
parameter D i s  
where I is  the  
Vo i s  the 
w i s  the 
CD i s  the  
C 
given by: 
2 s inh 
D2 = $ ($ ) (E ) K (A) sinh f3A coth By 
0 C 
beam current 
c i r c u i t  synchronous veloci ty  
radian frequency 
cyclotron frequency 
121 
TABLE VI1 
ELECTRICAL DESIGN PARAMETERS 
Frequency 
Magnetic field 
Cathode voltage 
Sole voltage 
Beam current 
Line to sole spacing 
Line to beam spacing 
Sole to front cathode edge 
spacing 
Synchronous voltage 
V/V, ratio 
Gain parameter, D 
Space charge parameter, S 
Nominal output power 
Input power 
Gain 
Nominal efficiency 
Low Field 
3.0 
0.25 
7948 
12567 
1.25 
O.Og5 
0.241 
0.042 
0.107 
0.030 
0.076 
1240 
6.4 
0.040 
1.17 
5 
20 
24 
55 
High Field 
3.0 
0.35 
11432 
17676 
1.25 
0.095 
0.241 
0.048 
0.122 
0.030 
0.076 
1240 
9.25 
0.029 
1.14 
5 
20 
24 
60 
Units 
GHz 
-
W/Il12 
volts 
volts 
amps 
inches 
crns 
inches 
ems 
inches 
crns 
volts 
kw 
W 
db 
% 
122 
18.0 
16.0 
14.0 
2' 12,O 
I 
al 
M 
aJ 
4.J 
r( g 10.0 
8.0 
6.0 
4.0 
3.0 4.0 5.0 
Frequency - GHz 
FIGURE 46 CALCULATED OPERATING VOLTAGES FOR VARICUS VAWES OF 
MAGNETIC F I E m .  SHOWING THE "FORBIDDEN" REGION 
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K i s  the  c i r c u i t  in te rac t ion  impedance 
i s  the so l e  t o  beam t r a n s i t  angle 
@A i s  the cathode t o  anode t r a n s i t  angle 
..-L i . -  
BY 
The parameter, p, i s  the r a t i o  of the radian frequency, o, t o  the 
c i r c u i t  phase velocity,  v'. 
B " w -  
V 
Calculations of the low leve l  gain including space charge may be 
conducted employing an addi t ional  space charge parameter, S.  This 
parameter i s  defined as: 
where Av i s  the t o t a l  ve loc i ty  s l i p  across the  beam 
v i s  the synchronous veloci ty  
0 
The low level  gain i s  given i n  terms of D, S, and CXby: 
+ 54.8 D N J l  + S2 '  (34) a Gain = -20,log 2(1 + S2) - 
2(1  + s2) 10 
A time share computer program has been wr i t ten  f o r  examining 
a number of preliminary d6signs using these equations. 
lated gain both wfth'and wfthout space charge is shown i n  Figure 47 
for  an operating current of 1.0 amps. 
The calcu- 
Figure 47 shows tha t  space charge e f f e c t s  introduce a 
difference between the large and small s igna l  gain which, i n  turn, 
increases with frequency. The tube tends t o  be more and more non- 
l inear  a t  higher frequencies. The r e f l ec to r  design employed is  
expected t o  be adequate t o  give a l inear  dynamic range cha rac t e r i s t i c  
t o  a t  l e a s t  3.5' GHb. 
5.5.2 The Large Signal Computer Program 
The large s igna l  computer program we a re  employing for  
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studying injected beam and a x i a l  in jec t ion  tubes is  qui te  sophis t i -  
cated and has undergone years of refinement. 
such as an IBM 360/65 employed i n  the batch processing mode is 
necessary. The general  p r inc ip les  of the computer program follow 
those described i n  an o r ig ina l  paper by Hull  and Kooyers (Ref. 16). 
The pa r t i cu la r  injected beam program we a r e  cur ren t ly  employing 
was obtained from G. P. Kooyers of Universal Computer Applications 
and represents several  i t e r a t i o n s  of improvement since the prepar- 
a t i o n  of the o r i g i n a l  program. The current  program employs new 
methods of ca lcu la t ing  the space charge through the use of e l l i p t i c  
functions, and modified methods of taking into account the e f f e c t s  
of frame acce lera t ion  i n  the force equations. 
i n  double precis ion so a s  t o  permit us t o  do meaningful low Level 
s t u d i e s .  The computer ana lys i s  proceeds by breaking up the space 
charge in to  a number of individual charge rods. A s ing le  wavelength 
of the space charge and the RF c i r c u i t  wave a r e  then followed 
through the tube, breaking the t o t a l  t r a n s i t  t i m e  of the wave throush 
the tube into a number of very small t i m e  s teps .  For each t i m e  step, 
the forces  on the space charge rods are calculated from the RF f i e l d  
s t rengths  and from the location of the other  charged rods. The rods 
a re  then allowed t o  m o v e  a s m a l l  increment w i t h  these forces  held 
constant,  The current  induced i n  the delay l i n e  a s  a r e s u l t  of 
the rod motions is  then calculated and the amplitude of the RF f i e l d s  
on the l i n e  is  incremented. Ef fec ts  of a t tenuat ion a r e  a l s o  taken 
in to  account. 
A d i g i t a l  computer 
The whole program is  
To study the a x i a l  i n j ec t ion  system, t h i s  program has been 
fu r the r  modified by the Varian/Eastern Tube Division, Union, N, J. 
To produce a t rue  three-dimensional simulation would have been 
extremely complicated and would have required an excessive amount 
of computer t i m e .  However, we can obtain su f f i c i en t  accuracy by 
simulating the th i rd  dimension by introducing the space charge rods 
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into a bas ica l ly  two-dimensional simulation such a s  used fo r  the 
conventional injected beam. The rods a r e  introduced at  various 
posi t ions along the in te rac t ion  space. I n  the program current ly  in  
use, various logical  branches allow us t o  t e s t  the rods a f t e r  they 
have been i n  the in te rac t ion  space fo r  one o r  more a x i a l  d r i f t  
t r a n s i t  times across the space. This permits us t o  introduce 
co l lec tors  on the f a r  s i d e  of the interact ion space, t o  r e f l e c t  the 
rods en t i r e ly  o r  i n  some cases t o  r e f l e c t  those above a ce r t a in  leve l  
and co l l ec t  those below a ce r t a in  level.  
u s  t o  calculate  the e f f ec t s  of co l lec t ing  unfavorably phased eLectrons 
a t  a p a r t i a l  r e f l ec to r  ,on the s i d e  of the interact ion space opposite 
t o  the gun. The a x i a l  d r i f t  ve loc i ty  of the electrons across the 
in te rac t ion  space i s  simulated i n  t h i s  program by introducing rods 
The program thus allows 
suddenly into the in te rac t ion  space, allowing them t o  remain i n  the 
in te rac t ion  space f o r  a t i m e  equal t o  the a x i a l  t r a n s i t  of the 
current across the interact ion space, and then e i the r  removing or  
r e f l ec t ing  the rods depending on the logic we have chosen. 
5.5.3 Large S-ignal Calculations 
Using the large s igna l  computer program, calculat ions have 
been made a t  both t3e low and the high magnetic f i e l d  levels.  These 
calculat ions included the e f f ec t  of r e f l ec to r  phase s h i f t  employing 
the "new" cha rac t e r i s t i c  shown in  Figure 44. 
of length i s  shown in  Figures 48 and 49 fo r  the low and high f i e l d  
cases respectively.  The calculated eff ic iency in  both cases is  
between 55% and 60% fo r  the f i v e  co l lec tor  designs we a r e  employing 
a t  t h i s  time. I n  making the calculat ions we have assumed tha t  
three fourths of the k ine t i c  energy associated with the x directed 
ve loc i ty  (d i r ec t ion  of wave propagation) i s  recovered i n  the col lec-  
t o r  but that  there  is no recovery of a x i a l  k ine t i c  energy. Each 
charge rod i n  the in te rac t ion  space a t  the end of the calculat ion 
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is thus moved downward i n  po ten t i a l  by three-fourths of the syn- 
chronous voltage.  The assumption is  then made tha t  the rod is 
col lected a t  the next highest  co l lec tor  po ten t ia l .  The resu l t s  
of these calculat ions a r e  summariTed i n  Table V I I I .  
5.6 Prebunchinp Electrode Design 
I n  our o r i g i n a l  plans we had intended t o  include a "pre- 
bunching" electrode along the s ide of the in te rac t ion  space opposite 
the gun a s  shown i n  Figure 50. This e lectrode is  operated a t  o r  
near cathode poten t ia l .  Electrons on t h e i r  f i r s t  t r a n s i t  across  the 
in te rac t ion  space encounter t h i s  e lectrode which i s  designed t o  
co l l ec t  the unfavorably phased electrons which have moved downward 
from the o r i g i n a l  beam pos i t ion  and t o  r e f l e c t  the favorably phased 
electrons.  Removal of the unfavorably phased electrons a t  t h i s  
point, before they have extracted s ign i f i can t  energy from the RF 
wave, can enhance the e f f ic iency  of the device. The prebunching 
element must be stopped before the high power region of the tube is 
reached because favorably phased electrons e x i s t  i n  t h i s  region a t  
po ten t i a l s  below the cathode poten t ia l .  This occurs because of 
"tumbling" of the bunch introduced by space charge e f f e c t s .  
simulation s tudies  have shown tha t  removal of t h i s  favorably phased 
Computer 
current  decreases the effdcbtncy: 
Before assembling the experimental tube we decided not t o  
include the prebunching electrode because of the mechanica 1 complex- 
i t y  involved. However, i t s  introduction a t  the appropriate s tage 
i n  the developement 6f a tube is  feas ib le .  
Using the same design techniques a s  were used f o r  the s ide 
r e f l ec to r s ,  the prebuncher design of Figtire 5 1  was evolved. Our 
t r a j ec to ry  t rac ing  s tudies  show tha t  e lectrons above the zero 
equipoten t ia l  l eve l  a r e  re f lec ted  with very l i t t l e  cycloiding. The 
phase s h i f t  cha rac t e r i s t i c s  f o r  t h i s  e lectrode a r e  shown i n  Figure 
B 
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TABLE VI11 
SUMMARY OF LARGE SIGNAL CALCULATIONS 
OF POWER OUTPUT AND EFFICIENCY 
'out 
E f f i c  iency 
( 5 ,collectors) 
Low F i e l d  
2500 
0.25 
8,683 
14,320 
1.50 
20 
5634 
58.6 
High F i e l d  
3 500 
0.35 
11,433 
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52 and are sa t i s fac tory .  
bunching electrode a r e  col lected i n  a region i n  which the d e  e l e c t r i c  
f i e l d s  inh ib i t  secondary emission. The computations show tha t  the 
prebunching co l lec tor  regains both a x i a l  and log i tudina l  k ine t i c  
energy from the col lected electrons.  
Electrons which are col lected on the pre- 
A computer simulation of a tube with a prebunching co l lec tor  
was conducted under somewhat d i f fe ren t  conditions than those of the 
previous simulations so the r e s u l t s  a r e  not d i r e c t l y  comparable. 
They do show, however, tha t  the prebunching co l lec tor  can be used 
t o  increase the e f f ic iency  by about ten percentage points.  This 
assumes recovery of ha l f  of the k ine t i c  energy associated with both 
longitudinal and axial  motion of the electrons.  
5.7 Mechanical Design of the Experimental Vehicle 
The experimental vehicle  is made in  c i r cu la r  format and 
u t i l i z e s  many construction techniques developed on Other programs. 
The delay l i n e  is fabricated from a machined meander l ine 
which is  braved t o  individual be ry l l i a  ceramic rods which a re  i n  
turn  bza7ed t o  a l iquid cooled copper base. This anode s t ruc ture  
together with the multi-element co l lec tor  s t ructure ,  is i n  tu rn  
mounted i n  a coexpansive s t a in l e s s  s t e e l  housing. Figure 53 shows 
a photograph of the delay l ine .  
the co l l ec to r  assembly and Figure 55 shows a photograph of the com- 
bined anode and body assembly. 
Figure 54 shows a photograph of 
The gun i s  fabricated from a clamped up assembly, as shown 
i n  Figure 56. 
along with the sole.  Figure 57 shows a photograph of a complete 
sole  subassembly. 
This assembly i s  i n  turn screwed t o  one cover p l a t e  
F ina l  assembly cons is t s  of h e l i a r c  welding the c w e r  p l a t e  
sub-assemblies t o  the body sub-assemblies which a r e  shown i n  Figure 
57. 
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FIGURE 53 THE DELAY LINE 
FIGURE 54 THE COLLECTOR ASSEMBLY 
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FIGURE 55 COMBINED ANODE AND BODY ASSEMBLY 
FIGURE 56 CLAMPED-UP GUN ASSEMBLY 
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FIGURE 57 SOLE SUBASSEMBLIES 
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6.0 EXPERIMENTAL RESULTS 
One tube, No. K72L was brought t o  hot t e s t  on t h i s  program. 
Problems with beam opt ics  r e su l t i ng  i n  poor beam transmission and 
lowered eff ic iency limited the operating conditions t o  low duty 
cycle (0.01) pulsed t e s t ing  a t  f u l l  (100 watts peak) RJ?-drive. 
Figure 58 shows the peak power output obtained a s  a function of 
cathode current with 100 watts  drive, a t  a frequency of 3.0 GHz.  
Maximum peak power out was 5.75 KW a t  3.0 amps beam current, with 
a conversion e f f ic iency  of 25%. 
Subsequent investigations indicated tha t  the low ef f ic iency  
was the r e su l t  of poor beam transmission. 
only 20% of the t o t a l  cathode current reached the co l lec tor  system, 
35$ was intercepted on the delay l ine  and the remaining 45% was 
apparently escaping from the in te rac t ion  space and collected on 
the tube body. 
Under i e ro  drive conditions 
Experience with the Vaxitron amplifier b u i l t  on the RADC 
program indicated tha t  under zero dr ive conditions over 90% of the 
cathode current was transmitted t o  the co l lec tor  system. A detai led 
comparison was made of the geometry of the two designs with'regard 
t o  those dimensions c r i t i c a l  t o  beam opt ics .  A minor discrepancy 
was found i n  the end ha t  ( r e f l ec to r )  geometry of Tube No. K72L a s  
compared with the RADC tube, and K72L w a s  r e b u i l t  w i t h  these d i -  
mensions changed t o  conform more closely t o  the o r ig ina l  design. 
However, hot t e s t  r e s u l t s  of r ebu i l t  tube N o .  K72L-l showed no 
s igni f icant  improvement i n  beam transmission. A fur ther  carefu l  
study w a s  then made of the gun geometry. 
was compared with t h a t  of a gun of the same two inch circumferential  
length but without the tapered t r ans i t i on  region between t h e  gun 
and the in te rac t ion  space. This RADC gun had the cross-sectional 
geometry shown i n  Figure 42 whereas the gun employed on t h i s  program 
had the geometry shown in  Figure 40. 
I n  par t icu lar ,  the geometry 
W e  could find no explanation 
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fo r  the poorer focusing of the NASA gun (which was supposed t o  pro-, 
I ,  duce a be t t e r  beam) i n  these cross-section sketches. Then we $ 5  
studied the cross-sections through the t r ans i t i on  region between the 
end of the gun (circumferentially) and the r e f l ec to r  on the g u n s i d e  
of the interact ion space. When these cross sections were compared, 
a probable reason f o r  the poor focusing of the NASA tube emerged. 
The means of mounting the NASA gun was d i f f e ren t  from that  used fo r  
the RADC gun and the geometry of par t  of the clamping s t ructure  was 
such tha t  it had an  e f f ec t  on the f i e l d s  in  the circumferential  
t r ans i t i on  region between gun and r e f l ec to r .  This t r ans i t i on  region 
extended over a distance of almost one inch over which the r e f l ec to r  
was tapered i n  a complex shape from an a x i a l  posi t ion t o  the r ea r  
of the cathode t o  i t s  normal posi t ion a t  the s ide of the in te rac t ion  
space. The locat ion of the clamp caused the introduction of circum- 
f e r e n t i a l  e l e c t r i c  f i e l d s  i n  t h i s  region. These f i e l d s  gave r i s e  
t o  an E/B d r i f t  ve loc i ty  v e r t i c a l l y  upward from the sole  toward the 
anode. Although this  problem exis ted only along one s ide of the 
in te rac t ion  space, the length of the d is tor ted  f i e l d  region was 
su f f i c i en t  so tha t  a l l  the e lectrons were exposed t o  this  region a t  
l eas t  once as a r e s u l t  of their axial motion. The lesson t o  be 
learned from this  is  tha t  the t r ans i t i on  region a t  the circumferential  
end of the cathode is  c r i t i c a l  and tha t  i t s  design must be studied 
as carefu l ly  a s  t ha t  of the gun i t s e l f .  
A new t r ans i t i on  region design was then made which appears 
t o  avoid the problem with circumferential  f i e l d s  i n  the t r ans i t i on  
region. With t h i s  revised design we believe that the NASA gun would 
give the improved focusing predicted by the computer simulations. 
We were not able  t o  incorporate t h i s  revised gun i n  an operating 
tube because of lack of fur ther  funding. 
A lthough the experimental r e s u l t s  on the program were 
disappointing, the program made two s igni f icant  contributions t o  
our knowledge of a x i a l  inject ion CFA's- The f i r s t  of these was an 
understanding of the importance of designing the t r ans i t i on  region 
t o  avoid c i r c m f e r e n t i a l  f i e l d s  and the second was an understanding 
of the s ignif icance of the phase s h i f t  introduced by the r e f l e c t o r ,  
The insight  obtained on the r e f l e c t o r  design as discussed  i n  Section 
5.3 wag use? to modify the design of the RADC tube. Figure 59 shows 
the power output v s  power input cha rac t e r i s t i c s  of t h i s  tube with 
the o r i g i n a l  r e f l e c t o r  design and with the modified r e f l ec to r  design. 
The data $s presented i n  normalived form because of the c l a s s i f i -  
cat ion of the %DC e f f o r t ,  However, Figure 59 shows tha t  a 20 db 
increase i n  dynamic range was ' rea l i n e d  through appl icat ion of the 
design techniques discussed i n  Section 5.3. 
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7, b CONCLUSIONS AND RJ3COMMENBITIONS 
Although s ign i f i can t  R.F data  was not obtained from the 
experimental vehicle,  a number of conclusions can be drawn from the 
ana ly t i ca l  s tud ies  a s  w e l l  as from the r e s u l t s  obtained on the RADC 
vers ion of the tube. These are: 
The o r i g i n a l  concept of a reentrant  a x i a l  in jec t ion  CFA 
a s  discussed i n  the study of NAS3-11516 does not readi ly  
lead t o  a high e f f ic iency  design which has a l i n e a r  
regime and is  zero s igna l  s tab le .  This approach can 
be used i n  an amplif ier  t o  be operated a t  sa tura t ion  a t  
a l l  t i m e s .  
The revised approach of a non -reentrant a x i a l  i n j ec t ion  
CFA a s  described i n  sec t ion  3 is f eas ib l e  a s  demonstrated 
on the RADC program (Ref. 5).  
The gun design used on t h i s  program was unsat isfactory 
because of aber ra t ions  a t  the end of the emitt ing region 
near the co l lec tor .  The same gun without the tapered 
t r a n s i t i o n  region employed here w a s  t es ted  successful ly  
i n  a beam tester on the RADC program. 
of t h i s  gun gave e f f i c i enc ie s  i n  such tubes of up t o  49%. 
A shor te r  vers ion 
The type of gun used i n  t h i s  study but s i t hou t  the tapered 
t r a n s i t i o n  region should r e s u l t  i n  an e f f ic iency  of Over 
50% i n  an  op t imi~ed  design. 
co l l ec to r  should r a i s e  t h i s  t o  over 60$ and a s a t i s f a c -  
to ry  introduction of the tapered t r a n s i t i o n  should 
increase the e f f i c i ency  t o  c lose t o  7@. 
Use of the prebunching 
The gun designs which have been tes ted  work a t  a current  
densi ty  a s  high a s  2.0 amps/cm2. 
tha t  a x i a l  in jec t ion  guns having a current  densi ty  of 
0.5 a/cm2 a re  f eas ib l e  fo r  t h i s  appl icat ion but thiS has 
not been demonstrated. 
current  densi ty  t o  0.5 a/cm2 i s  more 'uncertain than 
extrapolat ion of e f f i c i enc ie s  of 60%. 
Calculations indicate  
Extrapolat ion-of  d reduction of 
With f i f t e e n  o r  more co l l ec to r  elements, the CFA e f f i -  
ciency should be i n  excess of 50% when i t  i s  operated 
a t  one-third saturated power output.  The CFA thus holds 
the promise of being an e f f i c i e n t  amplif ier  i n  the l i n -  
ea r  regime. 
(7) By a combination of an a x i a l  in jec t ion  CFA design fo r  
minimum space charge contribution t o  the gain and by 
properly designing the r e f l ec to r  electrodes,  the CFA 
can be made to  have a l inear  dynamic range character is-  
t i c  a t  the powers and frequencies of t h i s  study. 
I n  summary, we believe the approach outlined here i s  both 
feas ib le  and a t t r a c t i v e  for  an S-band, 5 Kw space borne amplifier 
fo r  use i n  the AM mode of operation or  a t  power levels  below sa t -  
uration. It is  feas ib le  fo r  use i n  an FM mode of operation and 
can probably be more e f f i c i en t  than a TWT. However, the margin 
of performance over that  obtained with a TWT is  reduced for  Flul 
operation and the development e f f o r t  required is probably greater  
than tha t  for  a comparable TWT. 
We believe tha t  development of t h i s  o r  a s imilar  device should 
be purwed i f  i n t e re s t  i n  AM modes of operation continues t o  ex i s t .  
A s  shown by t h i s  study, the area of greatest  uncertainty r e l a t e s  t o  
the gun. We recommend tha t  fur ther  s tudies  of the beam opt ics  and 
the reduction of cathode current densi ty  take place before a f u l l  
scale  development is  undertaken. 

APPENDIX 
NEW TECHNOLOGY 
There are two reportable i t e m s  of new technology under 
Contract NAS-3-11528, as follows: 
1. T i t l e :  Means of Linearizing the  Dynamic Range Character is t ics  
of an Axial In jec t ion  GFA through Proper Design of the 
Reflector Electrode. 
Where described: Pages 108-115 of Final  Report. 
2. T i t l e :  Design Techniques f o r  Transi t ion Between Circumferential 
End of Axial In jec t ion  Gun and Adjacent Reflector Electrode. 
Where described: Pages 141-143 of Final  Report 
The major contr ibut ion of t h i s  program w a s  i n  ident i fy ing  the 
c r i t i c a l  nature of t h i s  region and the  importance of avoiding circum- 
f e r e n t i a l  e lec t r ic  f i e l d s  i n  t h i s  region. The revised design t o  avoid 
these f i e l d s  w a s  not evaluated on the  program. 
149 
SYMBOL TABLE 
a 
A 
B 
BO 
clo 
c12 
d+ 
C 
d 
D 
e 
sole to line spacing 
beam cross-section area 
magnetic field 
shunt susceptance in Campbell's equation 
velocity of light 
finger to ground capacity per unit length 
finger to finger capacity per unit length 
distance from sole to bottom of beam 
distance from line to top of beam 
gain parameter 
electronic charge 
E E y and z components of dc electric field 
Y' z 
f 
G 
h 
I 
JO 
E( 
K 
k 
L 
m 
N 
P 
S 
t 
tk 
frequency 
gain 
width of beam parallel to magnetic field 
current' 
cathode current density 
ratio of maximum energy on peak of a cycloid to average energy 
interaction impedance 
free space phase constant (LU/C) in Campbell's equation 
cathode length in the x direction 
mass of an electron 
number of slow wave wavelengths along the delay line 
power 
space charge parameter 
time, beam thickness 
thickness of Brillouin beam in injected beam CFA ,._ I .  
vertical (parallel to y coordinate) projection of cathode 
SYMBOL TABLE 
v v v  velocity in the x, y, z direction x’ y’ 2 
x+’ y+’ Z +  V v velocity of top beam edge in the x, y, z d,irection 
V velocity of bottom beam edge in the x, y, z dire’ction 
V 
V x-’ y-’ vz- 
voltage equivalent of v v v (= v ‘/2 e/m, etc. ) Ux’ Vy¶ vz x’ y’ z X 
VX+j  VyQ vz+ VX’ y’ z 
V synchronous velocity 
0 
V V at top edge of beam 
Vx, V y’ V z at bottom edge of beam Vx-’ VY-’ vz- 
cathode to anode voltage 
cathode to anode voltage “Ka 
vS 
sole to anode voltage 
sole to anode voltage 
sole to cathode voltage 
cathode to collector voltage 
’SA 
‘sK 
vC 
etc. cathode to collector 1, 2, etc. voltage Vel, vc29 
w 
X 
X 
cathode width (parallel to magnetic field) 
series reactance in Campbell’s equation 
coordinate direction parallel to RF wave velocity (also 
called circumferential direction) 
characteristic admittance 
Y coordinate direction from sole to anode parallel to dc 
electric field (also called radial direction) 
y distance from sole to a point on the cathode 
y distance from sole to point on cathode where top (+)  
or bottom ( - )  trajectory originates - i.e. left or 
right edge of cathode 
characteristic impedance 
YK 
’K+’ ’K- 
zO 
z coordinate parallel to the magnetic field (called the 
axial direction) 
SYMBOL TABLE 
attenuation 
phase constant 
sole to beam transit angle 
cathode to anode transit angle 
differences in the x and z velocities 
differences in top and bottom x, z voltages 
AV in the interaction space 
AV at the exit to the Kino region of  the gun 
permittivity of free space 
z 
z 
efficiency, e/m for an electron 
slow wave wavelength 
charge density 
phase shift per section of line, cathode tilt angle 
gap,transitangle 
radian frequency 
cyclotron radian frequency 
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